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Report Title
Final Report: 21st International Conference on DNA Computing and Molecular Programming; 8.1 Biochemistry

ABSTRACT

This is the final report for the support of the 21st International Conference on DNA Computing and Molecular Programming (DNA21),
successfully held at Harvard University, August 17-21, 2015. DNA21 carried on the tradition of the annual conference, serving as an
excellent stage for scientists with diverse backgrounds to discuss the most recent and high-quality experimental and theoretical results.
Topics discussed in depth at this year’s meeting include information storage and biological applications of DNA systems, biomolecular
chemical reaction networks, applications of self-assembled DNA nanostructures, tile self-assembly and computation, principles and models
of self-assembly, and strand displacement and biomolecular circuits.

The fund provided by ARO was used for reimbursement of travel expenses for invited speakers. The conference hosted a total of 21 invited
speakers, including 6 plenary, 12 nanoday, and 3 tutorial speakers, who were composed of leaders and rising stars in DNA computing and
molecular programming and related fields. The speakers shared their insights and recent results, providing fruitful inspirations and
stimulating lively discussions throughout the period.

This report will discuss the scientific presentations given at the conference, providing the list and summary of presentation sessions with
distinct themes, and the list of posters presented.
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Awards

This section lists the awards presented to the attendees at the conference. There were several awards announced, including
the Rozenberg Tulip Award that represents the premier annual award of the DNA computing and molecular programming

community, as well as various presentation awards for the conference.
1. Rozenberg Tulip Award

The "Rozenberg Tulip Award" recognizes a prominent scientist annually, the DNA Computer Scientist of the Year, who has
shown continuous contributions, pioneering, original contributions, and who has influenced the development of the field.
This year's winner was Lila Kari, Professor at the School of Computer Science, University of Waterloo, and at the
Department of Computer Science, University of Western Ontario.

2. DNA21 Best Student Paper Award

Student authors of papers published in the conference proceedings were considered for the Best Student Paper Award, when
nominated by the student’s advisor. The award recipient was selected based on the peer review score. The winner of the
award was Samuel Micka, an undergraduate Computer Science student at the University of Wisconsin, Oshkosh, for the
paper

"Optimal Program-Size Complexity for Self-Assembly at Temperature 1 in 3D", co-authored by Scott Summers, and David
Furcy.

3. ISNSCE Best Presentation Award

All student and postdoc oral presenters were considered for the ISNSCE Best Presentation Award, administered by the
International Society for Nanoscale Science, Computation, and Engineering (ISNSCE). The awardee was determined at the
conference by judges composed of the Program Committee and Steering Committee members. The winner this year was
Nicholas Schiefer, an undergraduate Computer Science student at the California Institute of Technology, for the presentation
titled "Universal Computation and Optimal Construction in the Chemical Reaction Network-Controlled Tile Assembly
Model", co-authored by Erik Winfree.

4. DNA21 Best Poster Award

All student and postdoc poster presenters were considered for the Best Poster Award. Posters and the presenters were
evaluated at the conference by judges composed of the Program Committee and Steering Committee members. This year
there were three poster awards due to the large number of posters. The winners are:

"DNA nanotube rings: Race tracks for molecular motors without the finish line"

Abhinav Appukutty, Rizal Hariadi and Sivaraj Sivaramakrishnan

"Molecular information processing in micro gel beads with entrapped DNAs"

Satoru Yoshizawa, Ibuki Kawamata, Shin-Ichiro M. Nomura and Satoshi Murata

"DNA Origami Capsules"

Maartje Bastings, Nandhini Ponnuswamy and William Shih

5. Student/Postdoc Travel Awards

A number of student and postdoc travel awards were administered to promote participation of students and to support young
scientists with limited funding opportunities. Applications were accepted before the conference though the conference
website. Award recipients were selected based on multiple factors, such as the quality of the submitted work (based on the
reviews), student/postdoc status, and minority information. A total of 24 students or postdocs were chosen.
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Scientific Progress



The conference started with a half-day tutorial session, with the topics spanning across the design, visualization, and analysis
aspects of DNA systems. Then the conference continued with 6 main presentation sessions with distinct themes. Each session
was opened by a plenary talk, which was followed by contributed talks under the same theme. The last day of the conference
was composed of special talks by outstanding scientists in nano science both within and beyond the field of DNA computing
and molecular programming, with topics ranging from the basic structural DNA nanotechnology, to combining structures and
conjugating with other molecules, to diagnostic applications and synthetic biology, to artificial cells, and to novel microscopy and
analysis tools. Below we give the summary of talks in a chronological order, starting from the tutorial session, then discussing
the main presentation sessions, and finally culminating with the nanoday talks.

1. Tutorial Session

At the first talk of the tutorial session, Yonggang Ke, who has recently demonstrated the design and assembly of massive,
complex, three-dimensional DNA structures using modular building blocks called DNA bricks, discussed the design process and
the software development, with fruitful live demos of the software for designing prescribed nanometer-sized 3D shapes and
micrometer-sized lattices with complex features.

Then in the second tutorial talk, Ralf Jungmann discussed the basic principles of super-resolution microscopy and the powerful
use of the programmability of DNA, which enabled multiplexed target detection, 3D and quantitative imaging of synthetic DNA
structures as well as cellular targets such as proteins or molecular complexes.

In the third and final talk of the tutorial session, Nick Porubsky discussed NUPACK, the software suite used for analyzing and
designing systems of interacting nucleic acids, walking through the user interface and workflow and demonstrating the diverse
capabilities of NUPACK through several live demos.

2. Main Presentation Session 1: Information Storage and Biological Applications of DNA Systems

At the plenary talk opening the session, George M. Church shared his insights on what limits the precision, speed and costs of
input and output to and from polymeric systems used for nanoscale construction such as nucleic acids and proteins. He
discusses some examples in relation to capturing and storing analog and digital information in the form of biopolymers in
comparison with the conventional electronic systems. He also discussed a perspective on interfacing such systems with neural
systems.

Seyed Mohammadhossein Tabatabaei Yazdi, in his contributed talk, continued the discussion of DNA-based storage systems.
He introduced a system that is rewritable and allows random access and discussed the detailed mechanisms.

Shelley Wickham presented the high-quality assembly of a group of 3D DNA origami structures named "DNA barrels" with
controlled diameters of up to 90 nm. Shelley showed that the DNA barrels can serve as a versatile platform for a wide range of
applications, such as 3D molecular pegboard, nanoantenna, and controlled cellular delivery.

Alexander Johnson-Buck discussed his development of an amplification-free, high-specificity (500-fold discrimination) method
(SIMREPS: Single Molecule Recognition by Equilibrium Poisson Sampling) for probing microRNA at single-molecule level with
almost zero background noise, inspired by the kinetic understanding of nucleic acid interactions behind the super-resolution
imaging technique DNA-PAINT.

Sherry Wang presented a simulation approach for designing ultraspecific nucleic acid hybridization. The experimental results
based on their design highlighted 200- to 3000-fold specificity discrimination, a dramatic increase in comparison to the 25-fold
discrimination for conventional approaches.

3. Main Presentation Session 2: Biomolecular Chemical Reaction Networks

Leslie Valiant discussed the application of the computational learning theory to understanding of Darwin’s theory of evolution.
More specifically, he addressed the question of how protein circuits in living organisms “learn” to achieve novel functionality in
the process of evolution, without being modulated by a designer. He discussed the limits of the learning theory in describing
biology.

Robert Brijder talked about his study of the long-term behavior of discrete chemical reaction networks (CRNs). He discussed
the use of the Petri net theory and CRN theory for the development of a sufficient condition for a structurally-bounded CRN to
have the property that none of the non-terminal reactions can fire for all its recurrent configurations.

Boyan Yordanov highlighted recent simulation results from his group, focusing on the question of how to generate CRNs from
functional specifications. He presented a series of computational techniques for optimizing and predicting the reaction rates of
CRNs for given specifications.

Yannick Rondelez discussed DNA-based reaction networks that controlled the degradation of individual DNA species. He
developed a thermal dynamic model to predict the reaction networks, which was in good agreement with the experimental
results.

Guillaume Gines presented the demonstration of DNA circuits on microscopic beads. Using fluorescence imaging, it was
possible to monitor the activation and diffusion of the DNA circuit reaction networks.

Nicholas Schiefer presented a universal strategy of designing the tile assembly model based on chemical reaction networks.
His model will be useful for applications such as controlling the self-assembled structures by molecular inputs. Nicholas was an
undergraduate student at the time of presentation, which highlights the broad impact of the field and the conference.



4. Main Presentation Session 3: Applications of Self-Assembled DNA Nanostructures

Paul Rothemund gave an inspiring presentation highlighting control over integrating DNA origami with semiconductor
technology, combining the most powerful molecule nature has made with the most powerful technology humans have made. As
an exquisite example of such control, he and his colleagues demonstrated the precise placement of DNA origami within
photonic crystal cavities. With applications in on-chip single-photon light sources, the 94% vyield for precision origami placement
was key to achieving controlled coupling of origami-bound fluorophores to the resonant modes of the photonic crystal cavity.
These results demonstrate the potential for DNA nanostructures to solve several current challenges in optical computing.
Toma Tomov presented his group's progress on using single-molecule FRET to study computer-controlled DNA-based
molecular machines. Using a novel hairpin fuel approach to speed the steps of a bipedal DNA motor, Toma achieved an 88%
yield for six steps along a DNA origami track. Using microfluidics to pulse and purge fuel strands, he demonstrated a yield of
44% for 32 steps along a track across two origami structures. These results are exciting "steps" toward programmable long-
distance travel of molecular motors.

After a coffee break, the ensuing three talks discussed molecular motors. Jong Hyun Choi presented the detailed design
considerations for the development of DNAzyme-based molecular walkers. He discussed the effects of various factors on the
kinetics and processivity of the walkers. He also highlighted a new two-color optical microscopy technique developed in his
group that allowed them to monitor and measure the movements of the walker along a carbon nanotube track.

Tosan Omabegho discussed his development of controllable molecular motors by engineering a natural motor protein, myosin,
with RNA. He highlighted results of in vitro assays of actin filaments and single-molecule tracking methods which demonstrated
that RNA lever arm geometry determines the speed and direction of motor transport, and can be dynamically controlled using
programmed transitions in lever arm structure.

Rizal Hariadi presented recent experimental demonstrations of tuning the collective behavior of multiple myosin walkers
programmably anchored on DNA origami and nanotube scaffolds. He precisely controlled the numbers of two types of myosin
walkers on a DNA origami scaffold and discussed the effects of the ratio of the two types of walkers on the walking behavior of
the collective motor.

5. Main Presentation Session 4: Tile Self-Assembly and Computation

Lila Kari discussed the idea of using 2D map representation of DNA sequences to study similarities between species. She
showed that any DNA sequence can be converted into its Chaos Game Representation (CGR; a 2D image) efficiently. Given a
set of DNA sequences, by computing an image distance between any pair of CGRs of DNA sequences in the set and
visualizing the distances using multidimensional scaling, they could obtain the Molecular Distance Map of the set. She showed
that the MDM could be used to compare the similarities between sequences in the set. By this method, they analyzed a dataset
of 3176 complete mitochondrial genomes and found that the relative distances between sequences align well with the relative
distances in classifications of species. She highlighted that the sequence most different from the anatomically modern human
was found to be cucumber.

Trent Rogers proposed an extension of the abstract tile assembly model (aTAM), in which a tile is allowed to flip horizontally
and vertically. The authors first investigated the computational power of the extended model called the reflected tile assembly
model (RTAM). The RTAM turns out to be not Turing complete at temperature 1, where cooperative binding is not available,
while it is Turing complete at temperature 2, as in the case of aTAM. Then they examined the tile complexity of the n by n
square at temperature 1. A characterization of finite shapes self-assemblable by mismatch-free RTAM systems was also given.
Scott Summers discussed an affirmative answer to the conjecture proposed by Cook, Fu, and Schweller in SODA 2011 that the
temperature-1 tile complexity of an n by n square in 3D is O(log n/ log log n). The proposed construction uses only two layers z
=0, 1, utilizing the 3D temperature-1 general encoding scheme, similar to the 2D temperature-2 optimal encoding scheme by
Soloveichik and Winfree.

Natasha Jonoska presented a method of creating dynamic components capable of simulating 2D cellular automata in which
DNA origami tiles are functionalized with differing types of fluorescent dyes. She discussed that the method would potentially
allow an experimentalist to shine light of different wavelengths, calibrated to the different dyes, resulting in localized heating
around the dye molecules which could cause particular DNA duplexes to melt and targeted tiles to detach and/or prevent their
attachment. She suggested that the presented mechanism, along with clever design of tile arrays, could provide a sort of
"global clock" and synchronization of distributed computations via environmental control, and enable a wide class of
computations to be performed via self-assembling tiles.

Cameron Chalk showed how tile-based self-assembling systems which incorporate nondeterministic tile attachments which
would typically be controlled according to the concentrations of the competing tile types can instead be simulated by systems in
which the nondeterminism can be fairly split between alternatives, regardless of the relative concentrations of tile types, thus
removing the need to carefully balance and control such concentrations. Furthermore, these simulating systems only require a
constant increase in scale factor over the original systems.

Shinnosuke Seki presented Oritatami, their abstract mathematical model of systems composed of molecules which fold
following prescribed rules during "transcription" so that the components of a growing line fold to form bonds with each other. He
showed how it is possible to specify a single (infinite, repeating) sequence of components to be transcribed so that the growing
and folding structure is capable of universal computation, with the output encoded into the shape of the resulting complex.

6. Main Presentation Session 5: Principles and Models of Self-Assembly



Sharon Glotzer discussed their findings about how order can emerge from entropy. She first defined self-assembly as two
separate categories, programmed self-assembly and crystallographic self-assembly. While crystallographic self-assembly
usually exhibits low information content, she showed that simple entropic interactions can lead to complex structures based on
the choice of monomer shapes and their interaction rule sets.

Abdulmelik Mohammed introduced an algorithmic approach and software pipeline for the generation of 3D polyhedral DNA
origami structures. Focusing on non-crossing routings, the strategy is based on three major requirements: (1) the DNA mesh
should be triangulated to support structural rigidity; (2) each strand’s edge should be settled with one double helix to provide
effective usage of DNA base-pairs; (3) the scaffold strand design should prevent self-crossing to avoid strands overlap and
entanglement. To meet these requirements a triangulated polygonal model has been designed by the 3D software, in which the
scaffolds have been routed according to an A-trail type in a Eulerian way. The method offers an efficient software pipeline,
allowing for the synthesis of large and complex polyhedral DNA structures. The successful design has been supported by
Transmission Electron Microscopy and Cryo-Electron Tomography images.

The presentation by Arne Schmidt concerned theory of algorithmic tile assembly. Arne Schmidt started with an overview of tile
assembly history. He then proceeded to show how to decompose shapes into rectangles to form tiles for various 2D shapes at
different temperatures; without holes and with holes, and using recursion on all tiles.

Thim Strothmann introduced the field of programmable matter, in particular in the context of using modular and swarm robots.
He compared it to DNA self-assembly, wound healing and development. Thim introduced their theoretical model called ameobot
models, in which particles without a common compass or communication capability move, and extend connections between
each other, on a hexagonal grid. The particles can “elect” a global leader particle using only local neighbor communication.
Once you have a leader, shapes can be built in linear time using that particle as a seed.

Petr Sulc talked about his interest in RNA nanotechnology and how it can easily be interfaced with biological processes. He
presented his model of RNA that can be efficiently simulated on GPU clusters. The model reproduces the RNA helices without
any explicit solvent (helps to speed up simulation) using model interactions that are simplified models of the real physical
interactions between RNA bases. The model is fitted to reproduce the melting temperatures as predicted by the Turner’s
nearest neighbor model for RNA. Petr presented several cases where their model simulation data fits experimental data for
equivalent systems: RNA hairpin unzipping, RNA strand displacement, RNA plectonemes.

7. Main Presentation Session 6: Strand Displacement and Biomolecular Circuits

Chris Voigt discussed the development of “programming language” for the cell and gave an overview of related synthetic
biology tools under development in his laboratory. He stressed three important abilities: to manipulate many genes, to control
the timing and location of gene expression, and to spatially program materials on the atomic scale. He discussed examples of
their developments such as sensors, circuits, and actuators. He also introduced a web-based tool for designing and testing
synthetic circuits, called Cello, short for Cellular Logic.

Soma Dhakal presented their work on site-specific fluorophore labeling of DNA tweezers for monitoring the arm-to-arm distance
through single-molecule fluorescence resonance energy transfer (smFRET). With the tool to closely monitor the performance of
the DNA tweezers, they tuned the design of the tweezers, such as the lengths of different domains. They were able to achieve
~12-fold enhancement in reaction yield for an enzyme reaction tethered on the tweezers.

Chris Thachuk introduced a strategy to design “leakless” DNA strand displacement (DSD) reaction systems. He first described
the sources of leak pathways in typical existing DSD schemes. Based on the understanding, he proposed a domain-level motif
for the design of leak-resistant DSD systems. This motif forms the basis of a number of DSD schemes that do not rely on
toehold sequestration alone to prevent spurious displacements. With the leakless system, spurious displacements, if any,
require multiple, low probability events to occur.

Matthew R. Lakin presented the design and analysis of an adaptive DNA strand displacement circuit for supervised learning.
The circuit supports long-running computation by replenishing circuit components from an inactive buffer. Simulation of the
circuit demonstrated learning of linear functions from observations, by stochastic gradient descent. Implementing long-running
strand displacement circuits such as these represents an important challenge in the field of DNA computing.

Michael Boemo presented a method for mapping a logical formula, expressed in a propositional calculus, to a localized DNA
strand displacement circuit. Each propositional variable is represented by a track and a DNA walker, and the geometry of the
track is computed automatically for a given error tolerance. Probabilistic model checking is used to optimise the circuit design.
This work is a step towards the automated design and analysis of localised DNA strand displacement systems.

Leigh-Anne Mathieson discussed the secondary structure folding pathways of nucleic acids. She showed that properties of
folding pathways over a 2-base strand are different from those over a 4-base alphabet. She also presented theoretical results
that show how folding pathways with temporary and/or repeated base pairs can have lower energy barrier than pathways
without such base pairs.

Joseph Schaeffer presented the development of his simulation tools for modeling the kinetic trajectories of a DNA system. He
discussed recent improvements made by extending the thermodynamics and kinetics models to handle multiple strands in a
fixed volume. He discussed the details of data structures and algorithms that take advantage of local properties of secondary
structure, improving the efficiency of the simulator allowing handling of reasonably large systems.

8. Nanoday Talks



In the morning session of the Nanoday Friday, Ned Seeman from New York University gave a talk entitled “DNA and
Nanotechnology” where he among other things presented new aspects of crystallization of 3D DNA arrays and how the color of
the crystals can be controlled by application of dye labeled strands. It was shown how DNA hybridization can proceed within the
crystals after their formation by soaking the crystals in a solution containing a labeled strand. Seeman also talked about DNA
robotics and self-replicating systems.

In the second talk Hao Yan from Arizona State University presented new ways to fold DNA origami including new complex
wireframe DNA origami nanostructures in 2D and 3D. A design principle for forming single stranded DNA and single stranded
RNA origami was also introduced. A project made in collaboration with Ned Seeman on new tile structures for formation of DNA
crystals and structural data obtained by X-ray crystallography was also introduced.

In the final talk of the morning session Mark Bathe from MIT presented a general computational method to convert a given
model into a DNA origami structure. In one example this method was applied to the design of custom J-aggregate chromophore
assemblies for mimicking energy transfer in nature.

In the second session of the Nanoday, Kurt Gothelf from Aarhus University first presented elegant work of using DNA
nanoscaffold to precisely control the positioning of conducting polymers with defined patterns. He also showed a new strategy
to achieve regioselective and site specific DNA protein conjugation.

In the second talk, Yuanchen Dong spoke on behalf of Dongsheng Liu from Tsinghua University about idea and experimental
implementation of frame guided assembly where they used both nano particles and DNA origami nanostructures as frame to
guide the geometrical assembly of lipid layers to to emulate Nature’s concept of scaffolded assembly of cellular membrane
architectures.

This session ended with a talk by Lulu Qian from Caltech, who presented a novel method to create maze-like 2D patterns using
Truchet tiles using combinatorial self-assembly from a deliberately designed DNA origami nanostructure.

David Zhang talked about their demonstration of how DNA circuits based on DNA strand displacement reactions could be made
extremely sensitive to single nucleotide changes in sequence. This principle can be used for DNA mismatch detection, which is
the basis of one of the first commercial applications for DNA circuits in molecular diagnosis.

In the following talk, Andrew Ellington advertised the utilization of DNA functionalized surfaces for DNA computing and
molecular programming. He argued that the field could benefit immensely from fabrication methods and screening strategies
initially developed for next generation sequencing. He demonstrated the use of gene chips as a platform for DNA circuits, and
also showed how a DNA walker could traverse the surface of DNA functionalized beads.

James Collins provided a historical perspective on the development of synthetic gene switches in the early days of synthetic
biology. He then showed several applications of such switches in the context of biomedical diagnosis such as their use as in
vivo memories recording the molecular history experienced by them. Another highlight of the talk was the demonstration of
Ebola diagnostic sensors based on toehold switches, which could be operated in a paper-based format using cell-free gene
expression.

Fritz Simmel described research progress on components for future “artificial cells”: how to use transcriptional circuits (also
called genelet circuits) to control clocked production of functional RNA molecules such as RNA aptamers, how to use water-in-
oil droplets to compartmentalize biochemical circuits and study the stochastic behavior of these circuits in a small volume
comparable to a cell, how to create artificial membrane channels using self-assembled DNA nanostructures for applications
such as single molecule sensing, and how to introduce communication among compartmentalized genetic circuits using arrays
of water-in-oil droplets and diffusible inducer molecules, including the demonstration of an AND gate with input molecules from
two types of neighboring droplets.

Ed Boyden talked about a groundbreaking new imaging technique called expansion microscopy that enables super-resolution
imaging of biological samples including cultured cells and brain tissue using traditional diffraction-limited microscopes. This
technique transfers the structural information within a biological sample into a swellable material and physically expands that
imprinted material 4.5 times evenly in all three dimensions, such that the structure of interest is preserved and magnified. The
target biomolecules were labeled by an antibody linked to a DNA oligonucleotide that is complementary to another
oligonucleotide modified with a chemical dye on one end and a methacryloyl group on the other. After the monomer of the
swellable material was injected to the sample and polymerization took place, the methacryloyl group was anchored into the
polymer network. All endogenous structure in the sample was then digested so it will not resist the expansion, and the sample
was placed in water and the polymer network spontaneously expanded. After expansion, the sample was mostly water thus was
transparent. With this technique, scattering is significantly eliminated and a much larger volume of biological sample can be
successfully imaged, compared to the super-resolution imaging techniques. So far this technique has been applied to image
microtubules in cells, mouse brain tissue, and zebrafish embryo with 60 to 70 nanometer resolution. Larger expansion and
higher resolution could potentially be achieved through methods such as tuning the properties of the swellable material.
Wesley Wong talked about quantitative methods for biophysical analysis of molecular interactions. The centrifugal force
microscope was introduced as a high-throughput alternative to optical tweezers for measuring force-extension curves. A
second-generation design, constructed using a 3D printer, is now available for use in commercial centrifuges. In order to apply
the technique to easily measure a variety of molecular interactions, they developed a “molecular instrument”; a DNA nanoswitch
based on “1D DNA origami”, to which the molecules of interest can be attached, that exhibits a large change in length upon
disruption of the bond. The DNA nanoswitch can also be used for low-cost, quantitative analysis of molecular interactions in a
simple gel assay.



Technology Transfer

The results of the conference have been published as proceedings, as part of the annual series “DNA Computing and Molecular
Programming” under “Lecture Notes in Computer Science” with Springer. Some results were submitted to journals in theoretical
computer science or molecular programming/nanoscience in the authors’ discretion. Some of the softwares for designing and
analyzing molecular systems presented at the conference were posted on the authors’ web pages.
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Author names with an underline indicate the presenters of the contributed talks. Those also prefaced

with T are student/postdoc presenters who are eligible for the ISNSCE Best Presentation Award. If you
believe there is an error, please notify the organizing committee.

Day 1: Monday, August 17"

Start Time Activity Chair
8:00 am Registration/Check in
9:00 am Introduction to Tutorials - Peng Yin
9:05 am Tutorial 1 - Design Three-Dimensional DNA Brick Structures
' Yonggang Ke (Emory University and Georgia Institute of Technology)
10:05 am Break (15 min)
Tutorial 2 - DNA-PAINT: Super-Resolution Microscopy with DNA
10:20 am Molecules
' Ralf Jungmann (Max Planck Institute of Biochemistry and Ludwig
Maximilian University of Munich)
11:20 am Break (15 min)
11:35 am Tutorial 3 - NUPACK: Analysis and Design of Nucleic Acid Systems
' Nick Porubsky (California Institute of Technology)
12:35 pm Lunch on your own
2:00 pm Opening Remarks - William Shih
2:15 pm Plenary Talk 1 - Limits to Polymer I/O
0P George Church (Harvard Medical School) Ralf
a
A Rewritable, Random-Access DNA-Based Storage System Jungmann
3:15 pm | 1Seyed Mohammadhossein Tabatabaei Yazdi, Yongbo Yuan, Jian Ma,
Huimin Zhao and Olgica Milenkovic
3:40 pm Break (15 min)
DNA barrels: Cylindrical NanoPegboards Assembled from DNA
3:55 pm | tShelley Wickham, Jianghong Min, Nandhini Ponnuswamy and William
Shih
High-Confidence Amplification-Free Counting of Single Nucleic Acid
4-90 oM Biomarkers by Repetitive Probing Yonggang
<0 P tTAlexander Johnson-Buck, Xin Su, Maria Giraldez, Meiping Zhao, Ke
Muneesh Tewari and Nils Walter
Simulation-Guided DNA Probe Design for Consistently Ultraspecific
4:45 pm | Hybridization
1J. Sherry Wang and David Zhang
5:05 pm Poster Session 1
6:30 pm Day 1 close




Day 2: Tuesday, August 18"

Start Time Activity Chair
9:00 am Plenary Talk 2 - Evolution as Learning
’ Leslie Valiant (Harvard University)
Dominance and T-invariants for Petri Nets and Chemical Reaction
10:00 am | Networks Scott
tTRobert Brijder Summers
Synthesizing and Tuning Chemical Reaction Networks with Specified
10:25 am | Behaviours
Neil Dalchau, Niall Murphy, Rasmus Petersen and Boyan Yordanov
10:50 am Break (25 min)
11:15 am Degradation Controlled Non-linearities in DNA Networks
' Kevin Montagne, Guillaume Gines and Yannick Rondelez
11-40 am Microscopic Agents Programmed by DNA Circuits
' TGuillaume Gines, Anton Zadorin, Teruo Fuijii and Yannick Rondelez Jinglin Fu
Universal Computation and Optimal Construction in the Chemical
12:05 pm | Reaction Network-Controlled Tile Assembly Model
tNicholas Schiefer and Erik Winfree
12:30 pm Lunch on your own
Plenary Talk 3 - Integrating DNA Origami with Microfabricated
2:00 pm | Photonic Crystal Cavities
Paul Rothemund (California Institute of Technology) £l
ton
Toward Fast and Efficient Computer Controlled DNA-Based Molecular | Graugnard
3-00 pm Machines: using Single-Molecule Fluorescence and Microfluidics
iy tToma Tomov, Roman Tsukanov, Yair Glick, Miran Liber, Yaron Berger,
Doron Gerber and Eyal Nir
3:25 pm Break (20 min)
3-45 pm Designing DNAzyme-Based Walkers
0P Jing Pan, Tae-Gon Cha and Jong Hyun Choi
Controllable Ribonucleoprotein Motors Engineered from Myosin and
4:10pm | RNA Hareem
tTosan Omabegho and Zev Bryant Maune
Tuning the Collective Behavior of Myosin Ensembles Using DNA
4:35 pm | Origami Scaffolds and DNA Nanotubes
TRizal Hariadi, Ruth Sommese and Sivaraj Sivaramakrishnan
5:00 pm Poster Session 2
6:30 pm Day 2 close




Day 3: Wednesday, August 19"

Start Time Activity Chair
9:00 am Plenary Talk 4 - Exploring the Space of DNA Signatures
’ Lila Kari (University of Waterloo and University of Western Ontario)
) Reflections on Tiles (in Self-Assembly) :
10:00 am Matthew Patitz, Jacob Hendricks and tTrent Rogers Shlgn:ijUke
Optimal Program-Size Complexity for Self-Assembly at Temperature 1
10:25am |(in 3D
Scott Summers, David Furcy and Samuel Micka
10:50 am Break (25 min)
1115 am Molecular Ping-Pong Game of Life on a 2D Origami Array
' Natasha Jonoska and Nadrian C. Seeman
Flipping Tiles: Concentration Independent Coin Flips in Tile
11-40 am Self-Assembly
' tCameron Chalk, Bin Fu, Alejandro Huerta, Mario Maldonado, Eric Matthew
Martinez, Robert Schweller and Tim Wylie Patitz
Efficient Universal Computation by Molecular Co-transcriptional
12:05 bm Folding
P Cody Geary, Pierre-Etienne Meunier, Nicolas Schabanel and Shinnosuke
Seki
12:30 pm Lunch on your own for attendees
U P (Steering Committee Meeting/Luncheon in conference space)
2-00 pm Plenary Talk 5 - Digital Alchemy for Optimized Self Assembly
LeoP Sharon Glotzer (University of Michigan)
Yossi
Designs and Algorithms for DNA Folding of Custom 3D Polyhedra Weizmann
3:00 pm | TAbdulmelik Mohammed, Eugen Czeizler, Erik Benson, Johan Gardell,
Sergej Masich, Bjorn Hogberg and Pekka Orponen
3:25 pm Break (20 min)
3-45 pm New Geometric Algorithms for Fully Connected Staged Self-Assembly
9P Erik D. Demaine, Sandor Fekete, Christian Scheffer and tArne Schmidt
Leader Election and Shape Formation with Self-Organizing
410 om Programmable Matter BiGM
Sy Zahra Derakhshandeh, Robert Gmyr, 1Thim Strothmann, Rida Bazzi, H6J ber
Andrea W. Richa and Christian Scheideler gberg
Coarse-Grained Modelling of RNA
4:35 pm | tPetr Sulc, Flavio Romano, Thomas Ouldridge, Christian Matek, Jonathan
Doye and Ard Louis
5:00 pm Poster Session 3
6:30 pm Day 3 close




Day 4: Thursday, August 20"

Start Time Activity Chair
9:00 am Plenary Talk 6 - Production of DNA Nanostructures in Bacteria
’ Chris Voigt (Massachusetts Institute of Technology)
Guiding Systematic Improvements of a DNA-Actuated Enzyme
10:00 am Nanoreactor through Single Molecule Analysis Yannick
' 1Soma Dhakal, Matthew Adendorff, Minghui Liu, Hao Yan, Mark Bathe and | Rondelez
Nils Walter
10:25 am Leakless DNA Strand Displacement Systems
’ tChris Thachuk, Erik Winfree and David Soloveichik
10:50 am Break (20 min)
11:10 am Supervised Learning in an Adaptive DNA Strand Displacement Circuit
' Matthew R. Lakin and Darko Stefanovic
Andrew
Automated Design and Verification of Localized DNA Computation Phillips
11:35 am | Circuits
TMichael Boemo, Andrew Turberfield and Luca Cardelli
) Group photo &
12:00 pm Lunch (provided by Guild Biosciences)
1:10 pm On Low Energy Barrier Folding Pathways for Nucleic Acid Sequences
' tLeigh-Anne Mathieson and Anne Condon
Darko
Stochastic Simulation of the Kinetics of Multiple Interacting Nucleic Stefanovic
1:35 pm | Acid Strands
Joseph Schaeffer, Chris Thachuk and Erik Winfree
Board Bus
Important information:
2:00 pm * Your name badge has designations for the outing and banquet if you signed up to
| attend one or both. Please understand that due to limited space, staff will be checking
badges before boarding buses and before entering the banquet and only registered
attendees will be allowed.
Social Activity — Boston Harbor Sightseeing Cruise (3-4 pm)
Buses Rowes Wharf Harbor
depart Charles Riverboat Company
2:20pm
from ~20 minute scenic walk to Banquet
Northwest (Staff will lead banquet attendees to the banquet hall for dinner. If anyone chooses to
Building take a cab, one can use Metro Cab Boston 617.254.6060 or any taxi on the road. Or
Uber/Lyft is a good alternative option.)
Banquet Dinner (three course dinner/bar)
The Exchange Conference Center
4:30 to Boston Fish Pier
4:45 212 Northern Avenue
guests Boston, MA 02210
arrive at
venue Dinner ends at 8:00pm
Banquet Buses return to Sheraton Commander Hotel 8:00pm
(Buses will be outside of the banquet from ~7:45pm. Cruise guests not attending the
banquet are free to enjoy the city at their leisure and ride the bus at this location.)




Day 5: Friday, August 21%: Nanoday

Start Time Activity Chair
8:25 am Introduction - Sungwook Woo
8:30 am DNA and Nanotechnology
' Nadrian C. Seeman (New York University)
9-00 am Designer DNA Architectures for Programmable Self-Assembly Kurt
' Hao Yan (Arizona State University) Gothelf
9:30 am Programming Functional Structured DNA Assemblies
| Mark Bathe (Massachusetts Institute of Technology)
10:00 am Break
10:30 am Self-Assembly of Polymers and Other Molecules Conjugated to DNA
' Kurt Gothelf (Aarhus University)
) The Frame Guided Assembly
11:00 am Dongsheng Liu (Tsinghua University) Hao Yan
11:30 am Creating Combinatorial Patterns with DNA Origami Arrays
' Lulu Qian (California Institute of Technology)
) Lunch (provided)
12:00 pm & Awards ceremony
Knowledge-Driven Design of Probes and Primers for Nucleic Acid
1:30 pm | Analysis
David Yu Zhang (Rice University)
L . Friedrich
2-00 pm DNA Circuitry and NextGen Sequence Informatics Simmel
UP Andrew Ellington (University of Texas at Austin)
2:30 pm Synthetic Biology: Reprogramming Life
U P James J. Collins (Massachusetts Institute of Technology)
3:00 pm Break
3-30 pm Nucleic Acid-Based Components for Artificial Cells
P Friedrich Simmel (Technical University Munich)
4-00 om Expansion Microscopy
Ry Edward Boyden (Massachusetts Institute of Technology) Lulu Qian
DNA Nanoswitches: From Force Spectroscopy to Instrument-Free
4:30 pm | Interaction Analysis
Wesley P. Wong (Harvard Medical School)
5:00 pm Closing Remarks - William Shih and Peng Yin
5:15 pm Day 5 close




List of Posters for Poster Session 1

Day 1 (Monday, August 17th), 5:05 pm

Using protein dimers to maximize the protein hybridization efficiency

with multisite DNA origami scaffolds ................................
Vikash Verma, Leena Mallik, Rizal Hariadi, Sivaraj Sivaramakrishnan,
Georgios Skiniotis and Ajit Joglekar

Bandpass Probes for Quantitative Mutation Screening in Nucleic Acid
Targets . ..o
Zheng Fang and David Zhang

Robust strand exchange reactions for the sequence-specific, real-time

detection of nucleic acid amplicons .. ........... ... ...
Yu Sherry Jiang, Sanchita Bhadra, Bingling Li, Yan Du and Andrew
Ellington

Modular DNA-based Biosensors for Isothermal Detection of

Double-Stranded DNA, Oligonucleotides, and Small Molecules . .........
Carl W. Brown Iii, Matthew R. Lakin, Aurora Fabry-Wood, Eli K.
Horwitz, Nicholas A. Baker, Darko Stefanovic and Steven Graves

Native Characterization of Nucleic Acid Motif Thermodynamics via
Noncovalent Catalysis ......... .o i
Chunyan Wang, Jin Bae and David Zhang

Plasmon Resonance Tuning Using DNA Origami Actuation ............
Luca Piantanida, Denys Naumenko, Emanuela Torelli, Monica Marini,
Dennis M. Bauer, Ljiljana Fruk, Giuseppe Firrao and Marco Lazzarino

Colloidal particles as platforms for DNA nanotechnology ...............
Cheulhee Jung, Tulsi Damase, Adam Spencer, Andrew FEllington and
Peter Allen

DNA Circuits for Analog Computation ............ ... .. oo ..
Tiangi Song, John Reif, Hieu Bui, Reem Mokhtar and Sudhanshu Garg

Continuously Tunable Nucleic Acid Hybridization Probes ..............
Lucia R. Wu, J. Sherry Wang, John Z. Fang, Emily Reiser, Irena
Pekker, Richard Boykin, Philippa J. Webster, Joseph Beechem and
David Yu Zhang

Nature Inspired Computation Design for DNA Circuitry ...............
Rizki Mardian and Kosuke Sekiyama

Encapsulated DNA and Enzyme Reaction-Diffusion Network for Simple

Cellular Automaton ... ...ttt et
Ibuki Kawamata, Satoru Yoshizawa, Fumi Takabatake, Ken Sugawara
and Satoshi Murata



Time-Responsive DNA Circuits for Universal Computation.............
Sudhanshu Garg, Tiangi Song, Reem Mokhtar, Hieu Bui and John Reif

Automated Sequence Analysis for Domain-Level DNA Strand-
Displacement SyStems .. ... ...ttt

Joseph Berleant, Christopher Berlind, Joseph Schaeffer, Niranjan Srini-
vas, Chris Thachuk and Erik Winfree

Effects of DNA sequences on the performance of logic gate modules .. ...
Toshihiro Kojima, Yoko Sakai and Akira Suyama

DNA-Origami Nanotubes: Insights Through Molecular Dynamics

SIMULATIONS . . oottt
Vishal Maingi, Mickaél Lelimousin, Stefan Howorka and Mark S. P.
Sansom

Homogeneously Multiplexed Quantitation of Nucleic Acid Targets via
Digital Thresholding . ....... ... i i
Yan Yan, Juexiao Wang and David Zhang

Ion-selective and switchable formation of guanine quadruplex structures
on DNA origami structures. . ...t

Lydia Olejko, Piotr J. Cywinski and Ilko Bald

Frequency Analysis of DNA Nanostructures through Mass-Weighted
Chemical Elastic Network Model .. ......... ... ... .. ... ... iiin..

Soojin Jo, Junyoung Son, Sung Ha Park and Moon Ki Kim

Thermodynamics and Kinetics of DNA Tile Binding During the
Nucleation Process of 2D DNA Lattice Formation.....................

Fan Hong, Shuozing Jiang, Hao Yan and Yan Liu

DNA Origami Capsules .. ...ttt e
Maartje Bastings, Nandhini Ponnuswamy and William Shih

Controlled translocation of single nanoparticles on lipid membranes
confined by DNA origami corrals.......... ... ...,

Yongzheng Xing, Susanne Kempter and Tim Liedl

Gold nanolenses on DNA origami substrates for surface-enhanced
Raman scattering .. ..... ... i

Christian Heck, Julia Prinz, Virginia Merk, Janina Kneipp and Ilko
Bald

DNA Nanostructures Scaffolded Lipid Compartments. .................
Zhao Zhao, Wei Sun, Steve Perrault, Peng Yin and William Shih
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Predicting enhancer regulatory output using a self-avoiding wormlike
chain model with protrusions ........... .. .. ... ... ... .. ...
Yaroslav Pollak and Roee Amit

DNA origami for advanced lithography ............. ... ... .. .....
Cheikh-Tidiane Diagne, Christophe Brun, Simona Torrengo, Denis Mar-
iolle, Xavier Baillin, Didier Gasparutto and Raluca Tiron

Stochastic Analysis of Chemical Reaction Networks Using Linear Noise
ApProximation .. ........uit
Luca Laurenti, Luca Cardelli and Marta Kwiatkowska

Markov Chain Computations using Molecular Reactions ...............
Ahmad Salehi, Keshab Parhi and Marc Riedel

Leakage Reduction by Mismatches and Secondary Structure in a

Catalyzed DNA Strand Displacement Reaction .......................
Xiaoping Olson, Shohei Kotani, Jennifer Padilla, Natalya Hallstrom,
Sara Goltry, Elton Graugnard, Bernard Yurke and Will Hughes

A polymer-physics model for long-range transcriptional regulation. . .. ...
Yaroslav Pollak, Sarah Goldberg and Roee Amit

Combinatorial production of sequenceable, optical DNA origami
nanobarcodes for cellular position-tracing in tissue-transcriptomics studies
Ferenc Fordos and Bjorn Hogberg

Shaping Assembly: Exploring the Role of Building Block Geometry for
Molecular Design . ...
Pablo Damasceno and Sharon Glotzer

Site-specific attachment of polythiophene to DNA origami..............
Franziska Fischer, Johanna Zessin, Anton Kiriy, Manfred Stamm and
Michael Mertig
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List of Posters for Poster Session 2

Day 2 (Tuesday, August 18th), 5:00 pm

Stable DNA Reaction-Diffusion Patterns .............................
Dominic Scalise, John Zenk, Kaiyuan Wang, Ariana Cruz and Rebecca
Schulman

Direct visualization of a photo-controlled DNA walker on the DNA

NanoStTUCTUTe . ... .. e
Masayuki Endo, Yangyang Yang, Marisa Goetzfried, Kumi Hidaka,
Mingzu You, Weihong Tan and Hiroshi Sugiyama

Lipid-bilayer-assisted two-dimensional self-assembly of DNA origami
NANOSTIUCTUTES . . . . .o e e
Yuki Suzuki, Masayuki Endo and Hiroshi Sugiyama

Multi-Legged DNA-Based Molecular Motors...............oovvunin...
Yaron Berger, Toma Tomov, Roman Tsukanov, Miran Liber and Eyal
Nir

Model-based Design of Compliant DNA Origami Mechanisms...........
Lifeng Zhou, Alexander E Marras, Haijun Su and Carlos Castro

Sticker-based algorithm for addition and its implementation in CUDA . ..
Nelson E. Ordonez-Guillen and Israel M. Martinez-Perez

Lipid-modified DNA rings on hydrophobic surfaces ....................
Keitel Cervantes-Salguero, Yusuke Yonamine, Ibuki Kawamata, Satoshi
Murata and Katsuhiko Ariga

Engineering Energy Transfer Rates of Single Fluorophore Molecules

close to Gold Nanoparticle using DNA Origami Constructs .............
Nesrine Aissaoui, Mikael kall, Peter Johansson, Marcus Wilhelmsson,
Kasper Moth-Poulsen and Bo Albinsson

Design and Construction of a Molecular Turing Machine ...............
Shajgi Varghese, Johannes Elemans, Alan Rowan and Roeland Nolte

Tile shape as a design parameter for DNA origami tilings ..............
Ali Aghebat Rafat, Tobias Pirzer and Friedrich Simmel

Rapid Actuation of DNA Origami Mechanisms .......................
Alexander E Marras, Lifeng Zhou, Hai-Jun Su and Carlos E. Castro

Interactive visualization of RNA folding pathways, with application to

the design of molecules with long, diverse folding pathways.............
Kennedy Agwamba, Sasha Heinen, Carson Ramsden, Rachel Sherman,
Elizabeth Sweedyk and Anne Condon



Half-adder based on DNA strand displacement........................ 109
Ana Karen Veldzquez-Sdnchez and Israel Marck Martinez-Pérez

A versatile evolutionary algorithm for generating fit sets of
oligonucleotide sequences ........... ... 110
Michael Tobiason, Bernard Yurke, Jennifer Padilla and William Hughes

Controlling the Reversible Assembly/Disassembly Process between
Components using Molecular Recognition in Molecular Robots.......... 111
Wibowo Adi and Kosuke Sekiyama

DNA Encodings for in Vitro Molecular Learning of Multimodal Data . ... 112
Hyo-Sun Chun and Byoung-Tak Zhang

Molecular Evolutionary Learning of DNA Hypernetworks for
Hand-written Digit Classification ............ .. .. .. ... ... ... ... .... 113
Christina Baek, Je-Hwan Ryu, Ji-Hoon Lee and Byoung-Tak Zhang

Reverse-engineering DNA tensegrity triangle crystallization ............ 114
Evi Stahl and Hendrik Dietz

Molecular scale patterning of DNA scaffolds with 3 nm long RecA

nucleoprotein filaments ........... .. .. . 115
Ragjan Sharma, Andrew Lee, Sybilla Corbett, Mindaugas Dzikaras, Giles
Davies and Christoph Wilti

Design . ..o 116
Zohre Beiki and Ali Jahanian

DNA nanotube rings: Race tracks for molecular motors without the
finish line .. ... o 117
Abhinav Appukutty, Rizal Hariadi and Sivaraj Sivaramakrishnan

Design and characterization of DNA nanostructures based on

Polyhedral Meshes .. ....... .. e 118
Erik Benson, Abdulmelik Mohammed, Johan Gardell, Sergej Masich,
Eugen Czeizler, Pekka Orponen and Bjorn Hogberg

Towards High Throughput Fluorescence-based Force Spectroscopy of
Single Molecule Interactions . ......... .. ..o i, 119
Randy Patton, Emily Briggs and Carlos Castro

Structure-based Design of Scaffolded DNA Origami ................... 120
Keyao Pan, Hyungmin Jun and Mark Bathe

Detecting and Recovering from Faults in Programmed Molecular Systems 121
Samuel J. Ellis, Eric R. Henderson, Titus H. Klinge, James I. Lathrop,
Jack H. Lutz, Robyn R. Lutz, Divita Mathur and Andrew S. Miner
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Controlling the Bending and Twist of RNA Assemblies via Artificially
Designed Loop-Bulge Kissing Interactions ............................ 122
Di Liu, Cody Geary, Gang Chen and Yossi Weizmann

Self-Assembly of DNA Graphs and Postman Tours . ................... 123
Katie Bakewell, Daniela Genova and Sudam Surasinghe

Using DNAzyme to control DNA tiles filling into Origami Frame . ....... 124
Cheng Zhang, Jing Yang, Shuoxing Jiang, Yan Liu and Hao Yan

Some remarks on the Chemical Reaction Networks implemented by
using DN A o 125
Yasuhiro Suzuki

Intelligent Biodegradable Hydrogels Made of DNA-PEG-DNA Tri-block
COPOLYINETS . . oottt 126
Akinori Kuzuya, Shizuma Tanaka, Kenta Wakabayashi, Kazuki Fukushima

and Yuichi Ohya

Encoding and Decoding Algorithms for Nucleic Acid Memory (NAM) ... 127
Farhad Rasapour, Reza Zadegan, Tim Andersen and William Hughes

An In-vitro Transcriptional Classifier Based on DNA Strand Displacement 128
Randolph Lopez and Georg Seelig

One-dimensional Noncooperative Tile Assembly with One Dissolvable Glue 129
Tyler Moore, Max Garzon and Russell Deaton
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List of Posters for Poster Session 3

Day 3 (Wednesday, August 19th), 5:00 pm

Probabilistic Analysis of Pattern Formation in Tile Self-Assembly .......
Tyler Moore, Max Garzon and Russell Deaton

Integrated Amplification and Detection of DNA On A Paper Device. . ...
Sifang Chen, Barry Lutz and Georg Seelig

Algorithmic Design of Scaffolded DX-Based DNA Origami Cages. .......
Sakul Ratanalert, Remi Veneziano, Fei Zhang, Hao Yan and Mark
Bathe

De novo prediction of DNA origami structures through atomistic
molecular dynamics simulations......... ... ... .. . i i
Christopher Maffeo, Jejoong Yoo and Aleksei Aksimentiev

Robust Molecular Finite Automata...............c.coiiinien...
Titus H. Klinge, James I. Lathrop and Jack H. Lutz

Strict Self-Assembly of Fractals Using Multiple Hands .................
Cameron Chalk, Alejandro Huerta, Dominic Fernandez, Mario Mal-
donado, Leslie Sweet and Robert Schweller

Concentration Independent Random Number Generation in Polyomino

Tile Self-Assembly .. ... i
Cameron Chalk, Eric Martinez, Robert Schweller, Bin Fu and Tim
Wylie

Multi-Model Cross-Platform Self-Assembly Simulation with VersaTILE . .
Cameron Chalk, Dominic Fernandez, Mario Maldonado, Eric Mar-
tinez, Robert Schweller and Alejandro Huerta

Dynamic control of DNA Tile Nanotube Nucleation and Elongation .. ...
Deepak K. Agrawal, Abdul M. Mohammed, Seth Reinhart, Tyler Jor-
genson and Rebecca Schulman

Production of DNA oligonucleotides in vivo from an engineered
bacterial retron. ....... ...
Richard Lease

SIMULATION OF A PROGRAMMABLE MOLECULAR COMPUTER.
Hugo Armando Guillen-Ramirez and Israel Marck Martinez-Perez

Directional Regulation of Biochemical Pathways on DNA Nanoscaffolds . .
Guoliang Ke, Hao Yan, Chaoyong Yang and Yan Liu

Hierarchical Assembly of Three-Dimensional DNA Structures...........
Daniel Cruz, Natasa Jonoska and Jessica Margiewicz

12

137

139

140

141



Rapid Unbiased Transport by a DNA Walker Utilizing Toehold Exchange 143
Jieming Li, Alexander Johnson-Buck, Yuhe Renee Yang, Hao Yan and
Nils G. Walter

Molecular information processing in micro gel beads with entrapped DNAs 145
Satoru Yoshizawa, Ibuki Kawamata, Shin-Ichiro M. Nomura and Satoshi
Murata

An evaluation of refolded and prefolded strategies with signaling aptamers 146
Yan Du, Shu Jun Zhen, Bingling Li, Michelle Byrom and Andrew
Ellington

Creating combinatorial patterns with DNA origami arrays ............. 147
Philip Petersen, Grigory Tikhomirov and Lulu Qian

Paradigms for developmental self-assembly of gridiron structures ........ 148
John Sadowski

Electronic control of DNA-based nanoswitches and nanodevices ......... 149
Sitmona Ranallo, Alessia Amodio, Andrea Idili, Alessandro Porchetta
and Francesco Ricci

Hierarchical self-assembly of DNA origamirods ....................... 150
Mahsa Siavashpouri, Mark Zakhary, Christian Wachauf, Hendrik Dietz
and Zvonimir Dogic

Multi-Steroid Discrimination with High-Affinity Steroid Aptameric Sensors 151
Kyung-Ae Yang

Software for the design and analysis of surface chemical reaction networks 152
Samuel Clamons, Lulu Qian and Erik Winfree

Proofreading and Self-Healing in a 3D Tile Assembly Model ............ 153
Tony Rojko and Erik Winfree

Self-assembly of RNA and DNA nanoarrays with Paranemic Crossovers .. 154
Fei Zhang, Yan Liu and Hao Yan

Characterizing Leakless Strand Displacement with Double Long Domains 155
Boya Wang, Chris Thachuk, Erik Winfree and David Soloveichik

Strand Displacement Activated CRISPR-Cas9 Guide RNA ............. 156
Noah Jakimo and Joseph Jacobson

Late-Breaking: First Steps Towards Automated Implementation of

Molecular Robot Tasks ....... .. i 157
Inbal Wiesel, Gal A. Kaminka, Guy Hachmon, Noa Agmon and Ido
Bachelet
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DNA Nanotube Treadmilling Driven by Holliday Junction Isomerization . 158
Shuoxing Jiang, Yan Liu and Hao Yan

A DNA strand displacement circuit compiler demonstrated using

unpurified strands. . ...... .. 159
Anu Thubagere, Chris Thachuk, Joseph Berleant, Robert Johnson, Di-
ana Ardelean and Lulu Qian

A Systematic Process for Design and Implementation of Algorithmic
DNA Tile SYStEIMS . . oottt et e e 160
Constantine G. FEvans, Masa Ono, Matthew Cook and Erik Winfree

3D Visualization Of Cadnano And Protein Data Using A Cloud

Streaming Framework For Web-Based Large Model Viewing ............ 161
Joseph Schaeffer, Michael Zyracki, Andrew Kimoto, Malte Tinnus,
Yann Bertaud, Dion Amago, Merry Wang and Florencio Mazzoldi

Winner-Take-All Neural Network Computation with a Simple DNA Motif 162
Kevin Cherry and Lulu Qian

Dynamic self-assembly of DNA nanotubes............................ 163
Leopold Green, Hari Subramanian, Vahid Mardanlou, Jongmin Kim,
Rizal Hariadi and Elisa Franco

Addressing DNA mediated self-assembly of carbon nanotube transistors . 164
Hareem Maune, Toan Ta, Laure Edoli, Charles Rettner, Shu-Jen Han
and Jianshi Tang
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Tutorial 1: Design Three-Dimensional DNA Brick Structures

Yonggang Ke

Department of Biomedical Engineering at Georgia Tech and Emory University
Emory School of Medicine

Recently, we have demonstrated design and assembly of massive, complex, three-
dimensional DNA structures using modular building blocks call DNA bricks. Prescribed
nanometer-size 3D shapes and micrometer-size lattice with complex features were
constructed using this new method. We will talk about design process, software development
in this presentation.
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Tutorial 2: DNA-PAINT: Super-Resolution Microscopy with DNA Molecules

Ralf Jungmann
Max Planck Institute of Biochemistry and Ludwig Maximilian University of Munich

Fluorescence microscopy has been transformed by the invention of methods circumventing the
classical diffraction limit, namely super-resolution techniques. In this talk, | will first concentrate
on applications of these emerging single-molecule techniques to problems in DNA
Nanotechnology. In the second part, | will discuss how we use the programmability of DNA
molecules to enable DNA-based super-resolution microscopy, termed DNA-PAINT.
Applications of DNA-PAINT do include multiplexed target detection, 3D as well as quantitative
imaging of synthetic DNA structures as well as cellular targets such as proteins or nucleic
acids.
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Tutorial 3: NUPACK: Analysis and Design of Nucleic Acid Systems

Nick Porubsky
Department of Chemical Engineering, California Institute of Technology

NUPACK, the Nucleic Acid Package, is a software suite used for analyzing and designing
systems of interacting nucleic acids. This tutorial will demonstrate the capabilities of NUPACK
through several relevant case studies. The examples will run using the NUPACK web interface
at www.nupack.org to explain the user interface and workflow. This will allow for real time
progress monitoring and examination of results for each example.
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Plenary Talk 1: Limits to Polymer I/O

George M. Church

Founding Core Faculty Member & Platform Lead, Synthetic Biology, Wyss Institute
Department of Genetics, Harvard Medical School
Department of Health Sciences and Technology, Harvard and MIT

Various polymers inspired by biology can be used for construction of atomically precise
devices in one to four dimensions. What limits the precision, speed and costs of input and
output to and from such polymeric systems? We can capture analog and digital information in
the form of nucleic acids and proteins -- this involves much lower energy per bit copied than
comparable electronic systems. Interfacing such systems with neural systems is a particularly
interesting challenge.
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A Rewritable, Random-Access DNA-Based Storage System

S. M. Hossein Tabatabaei Yazdi', Yongbo Yuan?, Jian Ma®*, Huimin Zhao?*,
Olgica Milenkovict

Affiliations:

e !'Department of Electrical and Computer Engineering, University of Illinois, Urbana, IL 61801

e 2Department of Chemical and Biomolecular Engineering, University of Illinois, Urbana, IL
61801

e 3Department of Bioengineering, University of Illinois, Urbana, IL 61801

e “Institute for Genomic Biology, University of Illinois, Urbana, IL 61801

One Page Abstract:

With the rapid growth of data arising from social networks, communication systems, particle physics,
biology and astronomy, one is faced with the need to develop ultra-high density storage systems that
will preserve information under volatile conditions. One potential storage media - DNA - stands out
in terms of its durability and unprecedented coding rates. Only two working DNA storage systems
have been implemented so far, neither of which allows for random access and data rewriting. The
first limitation represents a significant drawback for all storage applications, as one usually needs
to accommodate access to specific data sections; the second limitation prevents the use of current
DNA storage methods in architectures that call for moderate data editing, for storing frequently
updated information and memorizing the history of edits.

Moving from a read-only to a rewritable DNA storage paradigm requires major advances in
coding methodology, as: a) Editing in the compressive domain may imply rewriting almost the
whole information content; b) In the uncompressed domain, rewriting is complicated by the current
DNA storage format that involves shifted reads: In order to rewrite one base, one needs to selectively
access and modify four consecutive reads; ¢) The addressing (indexing) methods used in the current
DNA storage format only allow for determining the position of a read in a file, but cannot be used to
precisely select reads of interest for sequencing/read-out, as undesired cross- hybridization between
the target primer and parts of the data sequences may occur.

To overcome the aforementioned issues, we developed a new, random-access and rewritable
DNA storage architecture based on DNA sequences endowed with addresses that may be used for
selective information access and encoding with inherent error-correction capabilities. Our system
uses DNA editing and new constrained coding techniques that ensure data reliability, specificity
and sensitivity of access, and at the same time, provide exceptionally high data storage capacity.
The coding methods involve error-correcting balancing codes and prefix-synchronized codes. As
a proof of concept, we encoded in DNA parts of the Wikipedia pages of six universities in the
USA, selected specific content blocks and edited portions of the text within various positions in the
blocks. For editing, we used Overlap-Extension PCR and gBlock methods. We Sanger-sequenced
the resulting DNA sequences to verify the accuracy of the process, and detected no errors. The
results suggest that DNA media may be used in the near future for both archival and rewritable
storage applications.
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DNA barrels: Cylindrical NanoPegboards Assembled from DNA

Shelley F. Wickham, Jianghong Min, Nandhini Ponnuswamy, William M. Shih

Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, MA
02115, USA, Department of Systems Biology, Harvard University, Boston, MA 02115, USA,
Department of Cancer Biology, Dana-Farber Cancer Institute, Boston, MA 02115, USA, Wyss Institute
for Biologically Inspired Engineering at Harvard, Cambridge, MA 02138, USA

ABSTRACT

DNA origami, in which a long scaffold strand is assembled with a large number of short staple strands
into parallel arrays of double helices, has proven a powerful method for custom nanofabrication.
Although diverse shapes in 2D and 3D are possible, one simple shape has remained the most popular
for subsequent applications: the single-layer rectangle. One reason is that custom patterns can be
created on the surface of the rectangle by functionalizing existing staple strands, without altering the
underlying design. The rectangle has many attractive features, such as fast and robust folding and high
yield. Modular design of staple strands enables simple abstraction to a regular pixel surface. Here we
introduce a family of architectures, DNA barrels built as stacked rings of double helices, that retain the
appealing features of the 2D rectangle, but extend construction into 3D, plus reduce unwanted
behaviors of the rectangle, such as non-target stacking along the helical ends. We have optimized
design parameters for robust folding, and demonstrate versions with outer diameters of 30, 60, 90, and
120 nm. We demonstrated controlled co-axial stacking of these structures, along with addressable
decoration with surface functionalities, observed by TEM and DNA-PAINT super-resolution
fluorescence microscopy. These structures will provide 3D nanoscale pegboards for future

nanoconstruction.
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High-Confidence Amplification-Free Counting of Single Nucleic Acid Biomarkers
by Repetitive Probing

Alexander Johnson-Buck', Xin Su’, Maria D. Giraldez, Meiping Zhao, Muneesh Tewari,
Nils G. Walter

"These authors contributed equally to this work.

Due to their dysregulation in many diseases and surprising stability in body fluids such
as saliva and blood, microRNAs (miRNAs) have emerged as promising diagnostic
biomarkers. However, the most sensitive assays for these biomarkers involve time-
consuming sample extraction and amplification by PCR. While single-molecule
hybridization-based assays permit sensitive detection without amplification, they typically
suffer from significant false positives and finite target specificity. Inspired by the super-
resolution imaging technique DNA-PAINT, we introduce kinetic fingerprinting based on
Single-Molecule Recognition by Equilibrium Poisson Sampling (SIMREPS) as a novel
approach to the amplification-free counting of single unlabeled RNA biomarkers,
bypassing thermodynamic limits of specificity and virtually eliminating false positive
signals. Monitoring transient binding of fluorescent DNA probes to immobilized analytes
using total internal reflection fluorescence (TIRF) microscopy, we demonstrate zero-
background single-molecule detection of five exemplary miRNAs as well as more than
500-fold discrimination between two members of the /et-7 miRNA family that differ by a
single nucleotide. Through theory and experiment, we show that extending the
observation time can yield arbitrary improvements in the specificity of target recognition.
We further illustrate the rapid and specific detection of endogenous /et-7 in crude human
cancer cell lysate, and quantification of the clinically relevant miR-141 at the single-copy
level in a matrix of minimally treated human serum. High-confidence detection through
SIMREPS exploits the high sensitivity of nucleic acid hybridization kinetics to target
identity, and may find use in both clinical diagnostics and research.

Fluorescent
DNA probes
[
0 100 200 300 400 500 600 3
Time (s) >
[
6000 8
5 (+) Target g
< 4000F s Al(L A 0 2
miRNA 3
$ 2000
5] 0
E -
w
-20000 100 200 300 400 500 600
Time (s)

100

21



Simulation-guided DNA probe design for consistently ultraspecific hybridization
J. Sherry Wang'?, David Yu Zhang"*
1 Department of Bioengineering, Rice University, Houston, TX, USA;
2Systems, Synthetic, and Physical Biology, Rice University, Houston, TX, USA

Hybridization of complementary sequences is one of the central tenets of nucleic acid
chemistry; however, the unintended binding of closely related sequences limits the
accuracy of hybridization-based approaches to analyzing nucleic acids. Thermodynamics-
guided probe design and empirical optimization of the reaction conditions have been used
to enable the discrimination of single-nucleotide variants, but typically these approaches
provide only an approximately 25-fold difference in binding affinity. Here we show that
simulations of the binding kinetics are both necessary and sufficient to design nucleic acid
probe systems with consistently high specificity as they enable the discovery of an optimal
combination of thermodynamic parameters. Simulation-guided probe systems designed
against 44 sequences of different target single-nucleotide variants showed between a 200-
and 3,000-fold (median 890) higher binding affinity than their corresponding wild-type
sequences. To combat the high oligonucleotide-synthesis costs for the above testing volume,
we developed the X-Probe, a conditionally fluorescent nucleic acid probe in which the two
functionalized oligonucleotides (fluorescent (F) and quencher (Q)) have sequences
decoupled from the SNV/WT sequence. Thus, the same F and Q species could be used for
any number of X-Probe designs that target different sequences. From our experiments, the
average price of each X-Probe was more than 80% lower than that of a molecular beacon.
Furthermore, as a demonstration of the usefulness of this simulation-guided design
approach, we developed probes that, in combination with asymmetric PCR amplification,
detect low concentrations of variant alleles (1%) in human genomic DNA.
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Plenary Talk 2: Evolution as Learning

Leslie Valiant
School of Engineering and Applied Sciences, Harvard University

Living organisms function according to protein circuits. Darwin's theory of evolution suggests
that these circuits have evolved through variation guided by natural selection. However, the
question of which circuits can so evolve in realistic population sizes and within realistic
numbers of generations has remained essentially unaddressed.

We suggest that computational learning theory offers the framework for investigating this
question, of how circuits can come into being adaptively from experience, without a designer.
We formulate evolution as a form of learning from examples. The targets of the learning
process are the functions of highest fithess. The examples are the experiences. The learning
process is constrained so that the feedback from the experiences is Darwinian. We formulate a
notion of evolvability that distinguishes function classes that are evolvable with polynomially
bounded resources from those that are not. The dilemma is that if the function class, say for
the expression levels of proteins in terms of each other, is too restrictive, then it will not support
biology, while if it is too expressive then no evolution algorithm will exist to navigate it. We shall
review current work in this area.

23



Dominance and T-invariants for Petri Nets and
Chemical Reaction Networks

Robert Brijder

Hasselt University and Transnational University of Limburg, Belgium
robert.brijder@uhasselt.be

Abstract. Inspired by Anderson et al. [J. R. Soc. Interface, 2014] we
study the long-term behavior of discrete chemical reaction networks
(CRNs). In particular, using techniques from both Petri net theory and
CRN theory, we provide a powerful sufficient condition for a structurally-
bounded CRN to have the property that none of the non-terminal reac-
tions can fire for all its recurrent configurations. We compare this result
and its proof with a related result of Anderson et al. and show its con-
sequences for the case of CRNs with deficiency one.
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Synthesizing and tuning chemical reaction
networks with specified behaviours

Neil Dalchau, Niall Murphy, Rasmus Petersen, Boyan Yordanov

Microsoft Research, Cambridge, CB1 2FB, UK
{ndalchau,a-nimurp,a-rapete,yordanov}@microsoft.com

We consider how to generate chemical reaction networks (CRNs) from func-
tional specifications. We propose a two-stage approach that combines synthesis by
satisfiability modulo theories and Markov chain Monte Carlo based optimisation.
First, we identify candidate CRNs that have the possibility to produce correct
computations for a given finite set of inputs. We then optimise the reaction rates
of each CRN using a combination of stochastic search techniques applied to the
chemical master equation, simultaneously improving the probability of correct
behaviour and ruling out spurious solutions. In addition, we use techniques from
continuous time Markov chain theory to study the expected termination time
for each CRN. We illustrate our approach by identifying CRNs for majority
decision-making and division computation, which includes the identification of
both known and unknown networks.
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DEGRADATION CONTROLLED NON-LINEARITIES IN DNA NETWORKS

Kevin Montagne,l Guillaume Gines,? Yannick Rondelez’

1- Graduate School of Medicine, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan 2- LIMMS/CNRS-IIS,
Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan

Cellular information processing is implemented by networks of biochemical reactions.
Molecular programming creates conceptually similar architectures in vitro with the double
goal of i) delivering insights on the inner workings of cellular regulation' and, ii) providing
amorphous information-processing abilities to man-made chemical systems®.

The success of DNA as a molecular programming medium is based on predictable Watson-
Crick base-pairing, DNA-to-DNA catalysis, and straightforward interfacing with various
physical, chemical or biological signals to be used as inputs, outputs or readouts. These
elements can be combined to form chemical reaction networks, where the topology of the
network guides the behavior of the whole system. However, the precise kinetic laws of the
individual reactions that connect different nodes of the network also play a fundamental role.
In particular, the linear or non-linear nature of these interactions strongly affects the
network’s dynamics.

In order to build versatile and easy-to-model DNA-based reaction networks, we previously
introduced a ‘DNA toolbox’3, a set of reaction that can be arbitrarily cascaded. This toolbox
uses only two generic modules encoded by single-strand DNA templates: activation, which
mimics the basic stimulation of gene expression by a single transcription factor, and the
converse process, inhibition.

Here we introduce the missing element: an additional mechanism to tune the linearity
associated with each individual network vertices: by using species-specific saturable
pathways, we can individually adjust the shape of the degradation curve of each DNA
species or, equivalently, associate an activation threshold to each node within the molecular
circuit. This approach is based on strand design and adds little complexity to the building
process. We argue that this provides an efficient, versatile and general way to tune the
nonlinearities of network interactions, and hence to access the full functional potential of
each topology. We demonstrate this approach through the reprogramming of a single-node
homeostatic network into a bistable switch. Further, we prove its versatility by adding new
functions to the library of reported molecular systems: an octo-stable system with 3
addressable bits of memory, and the first DNA-encoded excitable system. We also discuss
this strategy from a theoretical perspective and provide models in good agreement with the
experimental data.

1. Genot, A. J., Fujii, T. & Rondelez, Y. In vitro regulatory models for systems biology. Biotechnol. Adv. 31, 789-796 (2013).

2. Chirieleison, S. M., Allen, P. B., Simpson, Z. B., Ellington, A. D. & Chen, X. Pattern transformation with DNA circuits. Nature
Chemistry 5, 1000-1005 (2013).

3. 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, — (2011).
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MICROSCOPIC AGENTS PROGRAMMED BY DNA CIRCUITS

Guillaume Gines,® Anton ZADpoRrin,? Teruo Fusi,® Yannick RONDELEZ

LIMMS/CNRS-IIS, Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan
Laboratoire Jean Perrin, CNRS/UPMC UMR 8237, 4 Place Jussieu, 75252 Paris cedex 05, France

Molecular programming (MP) rests on the promise that information can be processed using molecules
as carriers and chemical reactions as computational primitives. Among these molecules, DNA offers the
robustness and versatility that has already allowed the building of complex molecular systems, many of
them being inspired by existing biochemical networks from the living world. However the similarity
between in vitro and in vivo networks does not extend well to the outcome of these computations.
Artificial MP output mostly changes in fluorescence, whereas in living systems, the molecular
computation actually drive the life and death of macroscopic objects such as cells and organisms.
Moreover, a second up-scaling were networks of molecular circuits exchanging chemical signals
between groups of cells generate collective behaviors! within brains, organisms or ecosystems, brings
the result of molecular logic to our everyday, macroscopic level of consciousness.

In this study, we introduce a project that attempts to recapitulate those scale-integration steps: we
adapt the solution-phase Polymerase/Exonuclease/Nickase Dynamic Networks Assembly toolbox (PEN
DNA) toolbox?3 to program the behavior of microscopic particles, themselves embedded in a population
of cross-interacting agents. To that purpose, DNA-encoded programs are tethered to microbeads
conferring them the ability to receive and send information (as short DNA single strands) but also locally
compute according to their own network dynamic. In a preliminary adjustment phase, we highlight a
few differences in the chemistry of tethered templates compared to their unbound equivalent and
propose offsetting strategies to make supported programs work properly. We then demonstrate that
particles functionalized with a positive feedback loop program (PFL encoded by an autocatalytic
template) exhibit a standalone reactivity visualized by a sharp and sustained amplification from a single
bead in a pseudo-infinite reactor. This autonomous reactivity of particles allows a spatially discrete and
time-resolved processing of DNA-encoded programs -a prerequisite to bridge molecular programming
with the engineering of mesoscopic collective behaviors. As a first demonstration, we record the
cooperative behavior arising from two beads batches, each bearing one part of a split PFL. In this case,
the amplification signal production gets correlated to the local beads density, reminding quorum sensing
displayed by bacteria or insects. In another development, we used a dynamic bistable mechanism to
stabilize the dormant state of agents bearing a PFL. Accordingly, the amplification occurs only if an
external stimulus forces a bead above its activation threshold. These bifunctionalized particles now
behave as agents with two well-defined states and switch from one to the other only upon detection of
a thresholded stimulus. This allowed us to observe a bistable traveling front where the signal is initiated
by self-ignition of monostable agents and spread step-by-step across a population of bistable particles.
Bistable beads provide a straightforward way to experimentally create heterogeneous signal production
and transmission that could be applied to mimic epidemic spread and control, in vitro.

The present work demonstrates the successful programming of microparticles by DNA circuits. These
achievements open the door to spatially implemented systems and possibly complex networks based
on the chemical communication between discrete agents in a heterogeneous environment.

1. Zhang, H. P., Be’er, A,, Florin, E.-L. & Swinney, H. L. Collective motion and density fluctuations in bacterial
colonies. Proc. Natl. Acad. Sci. 107, 13626—-13630 (2010).

2. 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).

3. Baccouche, A., Montagne, K., Padirac, A., Fujii, T. & Rondelez, Y. Dynamic DNA-toolbox reaction circuits: A
walkthrough. Methods 67, 234-249 (2014).
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Universal Computation and Optimal
Construction in the Chemical Reaction
Network-Controlled Tile Assembly Model

Nicholas Schiefer! and Erik Winfree!2:3

! Department of Computing and Mathematical Sciences
2 Department of Computation and Neural Systems
3 Department of Bioengineering,
California Institute of Technology, Pasadena, CA 91125, USA

Abstract. Tile-based self-assembly and chemical reaction networks pro-
vide two well-studied models of scalable DNA-based computation. Al-
though tile self-assembly provides a powerful framework for describ-
ing Turing-universal self-assembling systems, assembly logic in tile self-
assembly is localized, so that only the nearby environment can affect
the process of self-assembly. We introduce a new model of tile-based
self-assembly in which a well-mixed chemical reaction network interacts
with self-assembling tiles to exert non-local control on the self-assembly
process. Through simulation of multi-stack machines, we demonstrate
that this new model is efficiently Turing-universal, even when restricted to
unbounded space in only one spatial dimension. Using a natural notion of
program complexity, we also show that this new model can produce many
complex shapes with programs of lower complexity. Most notably, we show
that arbitrary connected shapes can be produced by a program with com-
plexity bounded by the Kolmogorov complexity of the shape, without the
large scale factor that is required for the analogous result in the abstract
tile assembly model. These results suggest that controlled self-assembly
provides additional algorithmic power over tile-only self-assembly, and
that non-local control enhances our ability to perform computation and
algorithmically self-assemble structures from small input programs.
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Plenary Talk 3: Integrating DNA Origami with Microfabricated Photonic
Crystal Cavities

Paul W. K. Rothemund

Departments of Computer Science, Bioengineering, and Computation & Neural Systems
California Institute of Technology

A wide class of classical and quantum optical devices are based on the coupling of the
electromagnetic field to individual atoms, molecules, quantum dots, or other emitters within
nanofabricated optical cavities. The coupling efficiency, which can be precisely simulated
using numerical codes, is primarily governed by the position of the emitter within the optical
modes of the device. For example, the enhancement of an emitter's fluorescence is
proportional to the mode-dependent local density of optical states (LDOS) via the Purcell effect.
A number of existing experimental techniques variously combine AFM, SEM, and sophisticated
lithography to position single emitters within single devices but currently there is no scalable
technique to deterministically position emitters within nanooptical environments. This limits our
ability to make and study devices based on cavity-emitter interactions---entire papers are often
based around the performance of a single, heroically-fabricated device.

Here we experimentally demonstrate the deterministic coupling of fluorescent molecules to
photonic crystal nanocavities (PCC) at a large scale. Individual DNA origami molecules
carrying discrete numbers of fluorescent molecules are positioned with the resolution of e-
beam lithography, in thousands of microfabricated devices. We first validated our approach by
taking spectra of 21 different cavities in which each cavity featured an origami placed at a
different position along the midline of the cavity. Periodic variation in the peak intensity of the
emission demonstrated our ability to control emitter-cavity coupling by "walking" the origami in
50~nanometer steps through the modal pattern of the cavity. Next we used the the same
technique to create a complete two-dimensional map of one mode of our PCCs with 25
nanometer resolution. For each of 600 precise x-y locations within the mode, a separate
device was constructed having a DNA origami at location xy. The devices are arranged to
recapitulate the xy position of the devices at a large scale, so that simple epifluorescence
microscopy creates an "image" of the LDOS. Lastly, we demonstrate the programmability and
scalability of our approach by building a 3-bit 65,536 nanocavity array in which the intensity of
each pixel is independently programmed by controlling the location and number of molecules
within a specific nanocavity.
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Toward Fast and Efficient Computer Controlled DNA-Based Molecular

Machines: using Single-Molecule Fluorescence and Microfluidics

Toma E. Tomov*, Roman Tsukanov, Yair Glick, Miran Liber, Yaron Berger, Doron Gerber and
Eyal Nir

* Tomov@post.bgu.ac.il, Department of Chemistry, Ben-Gurion University of the Negev, Beer-
Sheva 84105, ISRAEL

Abstract

The manufacturing of well-functioning machines is a major challenge of modern technology and
science. DNA nanotechnology is probably the most promising path towards realization of this goal on the
molecular level. It was demonstrated that DNA based devices and motors could potentially be used in a
variety of applications. However, despite variety of architectures and operation principles, devices and
particularly motors, still suffer from slow and incomplete stepping reactions along with harmful side
products. For the technology to be applicable, it is essential that the devices will operate as commanded,
with high operating efficiency and speed, while maintaining structural integrity.

Wishing to understand the reasons for these unwanted reactions and offer solutions, we used a non-
autonomous bipedal DNA motor. Upon sequential introduction of DNA fuels and anti-fuels, the motor
strides on a DNA track which is embedded on a DNA-origami. We utilize single-molecule FRET/ALEX
and TIRF spectroscopy along with computer controlled microfluidics device to study the structure,
interaction, kinetic and yield.

We demonstrate that careful analysis of motor kinetics promotes rational design that significantly can
improve motor operation over unprecedented distance, processivity and speed. The motor preforms 36
consecutive steps, crossing a distance of 400 nm, with 50% overall yield, which is equivalent to more
than 99% yield per chemical reaction, and the stepping rate can be as fast as several seconds per step.

This novel combination of DNA nanotechnology, microfluidics technology and single-molecule
fluorescence spectroscopy holds a great promise for future computer control molecular machines.

References:

Tomov, T. E.; Tsukanov, R.; Liber, M.; Masoud, R.; Plavner, N.; Nir, E., Rational Design of DNA
Motors: Fuel Optimization through Single-Molecule Fluorescence. J. Am. Chem. Soc., 2013, 135 (32),
11935-41
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Designing DNAzyme-based Walkers

Jing Pan', Tae-Gon Cha', Chengde Mao?, and Jong Hyun Choi+*
'School of Mechanical Engineering, “Department of Chemistry, Purdue University
Email: jchoi@purdue.edu

Intracellular protein motors have evolved to perform specific tasks critical to the function of cells such as
intracellular trafficking and cell division. For example, kinesin and dynein motors transport intracellular
cargos to required destinations within a cell, because large intracellular components such as vesicles and
mitochondria are too big to diffuse to their destinations. The motor proteins achieve their progressive
walking along microtubules by converting the energy from adenosine triphosphate (ATP) hydrolysis into
mechanical motion. During the course of ATP binding, hydrolysis and product release, the proteins undergo
a series of conformational change, thereby making discrete 8-nm center-of-mass steps and travelling over
1 pm. Inspired by remarkable molecular machineries of protein motors, synthetic analogues have been
developed including self-assembled DNA walkers that can make stepwise movements on RNA/DNA
substrates or can function as programmable assembly lines. The DNA walker dynamics is usually achieved
through a series of reactions, including hybridization, enzymatic cleavage, and strand displacement.
However, the kinetics of their stepping reactions is not well understood, and thus, it is unclear how to design
them.

In our research, we focus on (i) demonstrating all-synthetic DNA walkers that can transport inorganic
cargos along non-DNA tracks autonomously and (ii) studying how design parameters affect the kinetics
and processivity of the DNA walkers. Our approach is to use RNA-cleaving DNA enzymes as a model
walker, carrying CdS nanocrystal cargos along single-walled carbon nanotube tracks. Similar to the protein
motors, DNA motors extract chemical energy from RNA molecules decorated on the nanotubes and use
that energy to fuel autonomous, processive walking through a series of conformational changes along the
one-dimensional track. Initially, a nanoparticle-capped DNA enzyme strand is bound to an RNA fuel strand
through base-pairing of the upper and lower recognition arms on the nanotube track. The enzyme core
cleaves the prearranged part of the fuel strand into two fragments in the presence of divalent metal cations.
After cleavage reaction, the upper RNA fragment is displaced by the next unbound RNA strand. The lower
recognition arm subsequently displaces from the initial RNA and migrates to the next RNA strand,
completing a single turnover event. Repeated completion of the single turnover reaction propels
autonomous, processive, unidirectional movement of the DNA walker.

To probe the motor operation at the single-molecule level, we have developed a new two-color optical
microscopy, termed single-particle/single-tube spectroscopy. Here we use optical properties of the
nanoparticle cargo and carbon nanotube track, which fluoresce in the visible and near-infrared spectra,
respectively. We monitor the nanoparticle emission against the fluorescent, immobilized nanotube track
over time. The spectroscopic measurements provide rich information for motor kinetics, which we
theoretically model within the framework of single-molecule kinetics. From the combined experimental
and theoretical studies, we elucidate several key parameters that govern the kinetics and processivity of
DNA enzyme-based walkers. These parameters include the catalytic core type and structure of DNA
enzymes, lengths of the upper and lower recognition arms, and environmental factors such as the type and
concentration of divalent metal cations. A better understanding of kinetics and design parameters enables
us to demonstrate a walker movement near 5 um at a speed of ~1 nm/s. It is noted that the displacement
and speed arelO-fold greater than previously reported DNA walkers. We also provide a set of design
guidelines to construct highly processive, autonomous DNA walker systems and to regulate their
translocation kinetics, which should facilitate the development of functional DNA walkers. This
presentation will include our benchmark study of DNA walkers against protein motors.
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Controllable ribonucleoprotein motors engineered from myosin and RNA

Tosan Omabegho' and Zev Bryant"?
1Department of Bioengineering, Stanford University
’Department of Structural Biology, Stanford University School of Medicine
tosanomabegho@gmail.com, zevry@stanford.edu

To engineer transport systems at the nanoscale that can be used inside' or outside? cells, we
and others have sought to develop molecular motors that respond to a range of targeted
signals. Protein motors such as myosins®* and kinesins*, which perform transport and force
generation functions in biology, have been modified to change speed or direction in response to
metal ions® or light*. However, it is a challenge to extend these control strategies to allow high
levels of multiplexing. In contrast, synthetic DNA motors®® are inherently amenable to
multiplexed control via sequence addressability, but do not yet compete with biological motors in
terms of critical motor properties such as transport velocity. DNA nanotechnology and protein
motors have previously been combined in hybrid assemblies where DNA structures act as
scaffolds to dictate the spacing, number, and composition of attached motors, in both fixed and
dynamically controllable configurations”'®. Here, we have designed and tested myosin motors
that incorporate rigidly attached lever arms constructed from RNA, introducing a new category
of hybrid assembly in which conformational changes in protein motor domains are amplified and
redirected by nucleic acid structures that function as integral mechanical elements of
engineered nucleoprotein machines. Following principles established in protein engineering
studies®*, the RNA lever arm geometry determines the speed and direction of motor transport,
and can be dynamically controlled using programmed transitions in lever arm structure. We
have used in vitro assays of propelled actin filaments to characterize the function of a series of
RNA-myosin motors. Our results confirm the successful operation of motors designed to
reversibly change direction under the control of strand-displacement reactions'’. We are also
using single-molecule tracking to measure the processive motion of individual multimeric RNA-
myosin motors on actin filaments. The myosin-RNA motors described here self-assemble in
vitro and may also be expressible in living cells. The sequence addressability of RNA lever arm
structures will allow multiplexed control of speed and direction in collections of engineered
motors, enabling sophisticated programming of complex transport systems. In principle, the
signaling inputs to the motors can originate from cellular RNA or transcriptional circuits'?, or
upstream outputs from DNA computations'™ allowing integration with a wide a variety of
existing technologies in synthetic biology and nanoscience.

(1) Goodman, B. S.; Derr, N. D.; Reck-Peterson, S. L. Trends Cell Biol 2012, 1-9.

(2) Hess, H. Annu Rev Biomed Eng 2011, 13, 429-450.

3) Chen, L.; Nakamura, M.; Schindler, T. D.; Parker, D.; Bryant, Z. 2012, 1-5.

(4) Nakamura, M. Nature Nanotechnology 2014, 9, 693-697.

(5) Lund, K.; Manzo, A. J.; Dabby, N.; Michelotti, N.; Johnson-Buck, A.; Nangreave, J.; Taylor, S.; Pei, R.; Stojanovic,
M. N.; Walter, N. G.; Winfree, E.; Yan, H. Nature 2011, 465, 206-210.

(6) Wickham, S. F. J.; Endo, M.; Katsuda, Y.; Hidaka, K.; Bath, J.; Sugiyama, H.; Turberfield, A. J. Nature
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Tuning the collective behavior of molecular motor ensembles
using DNA origami scaffolds and DNA nanotubes

Rizal F. Hariadi', Ruth F. Sommese!, and Sivaraj Sivaramakrishnan®??3
lDepartment of Cell and Developmental Biology
2Department of Biophysics
3Department of Biomedical Engineering, University of Michigan, Ann Arbor, MI 48109, USA

The emergence of movement patterns, as in stellar streaming, flocks of birds, and schools of fish, is a
widespread phenomenon across all scales. In biological environments, the molecular motor myosin
teams up to drive cell division, membrane trafficking, and muscle contraction. These cellular func-
tions arise from coordinated interactions of multiple motors tethered to a scaffold with surrounding
actin filaments. To examine emergence in collective myosin movement, we engineer two model
systems consisting of either rectangular DNA origami scaffolds or DNA nanotubes, patterned with
precise control over myosin motor number, type, and spacing.

First, we use flat rectangular DNA origami scaffolds to dissect the sort-
ing of cargo by mixed ensembles of opposite polarity myosin motors,
namely myosin V and VI, on a two-dimensional actin network. All
mixed-motor scaffolds display solely unidirectional movement. The
net directional flux can be finely-tuned by the relative number of
myosin V and VI motors on each scaffold. Pairing computation with
experimental observations further suggests that motor stall forces are
key determinants of the observed competitive outcomes.

Second, we use DNA nanotubes as a platform for engineer-
ing artificial thick filaments, as a key component in muscle.
Using both myosin V and VI labeled nanotubes, we find that
neither myosin density nor spacing has a significant effect on
Actin filament DNA nanotube the gliding speed of actin filaments. This observation sup-
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Plenary Talk 4: Exploring the Space of DNA Signatures

Lila Kari

School of Computer Science, University of Waterloo
Department of Computer Science, University of Western Ontario

Approaches to understanding and utilizing the fundamental properties of bioinformation take
many forms, from using DNA to build lattices and polyhedra, to studies of algorithmic DNA self-
assembly, to harnessing DNA strand displacement for computations. This talk presents a view
of the structural properties of DNA sequences from yet another angle, by proposing the use of
graphic signatures of DNA sequences to measure and visualize their interrelationships.

This methods starts by computing an “image distance” for each pair of graphic Chaos Game
Representations of DNA sequences, and then uses multidimensional scaling to visualize the
resulting interrelationships in a two- or three-dimensional space. The result of applying this
method to a collection of DNA sequences is an easily interpretable Molecular Distance Map
wherein sequences are represented by points in a common Euclidean space, and the spatial
distance between any two points reflects the differences in their subsequence composition.

This general-purpose method does not require DNA sequence alignment and can thus be
used to compare similar or vastly different DNA sequences, genomic or computer-generated,
of the same or different lengths. Our analysis of a dataset of 3,176 complete mitochondrial
genomes confirms that these graphic signatures, which reflect the oligomer composition of the
originating DNA sequences, can be a source of taxonomic information. This method also
correctly finds the mtDNA sequences most closely related to that of the anatomically modern
human (the Neanderthal, the Denisovan, and the chimp), and that the sequence most different
from it in this dataset belongs to a cucumber.
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Reflections on Tiles (in Self-Assembly)

Jacob Hendricks*, Matthew J. Patitz**, and Trent A. Rogers* * *

Abstract. Tiles in the abstract Tile Assembly Model (aTAM) are not
allowed to flip or rotate prior to attachment to an existing assembly.
While this assumption is a realistic one for many implementations of
DNA-based tiles, for certain implementations of DNA-based building
blocks, it is unknown whether or not both of the conditions of this as-
sumption can be physically enforced. When DNA is used as the binding
agent, single stranded DNA can be used to prevent relative tile rotation
by encoding a direction (north/south or east/west) in the DNA sequence
so that only strands with appropriately matching directions are comple-
mentary; on the other hand, preventing tiles from flipping may not always
be possible, especially if the glues of different sides of a tile are encoded
by disjoint DNA complexes. To model self-assembly of particles inca-
pable of preventing such flipping, we define the Reflexive Tile Assembly
Model (RTAM), which is obtained from the aTAM by allowing tiles to
reflect across their horizontal and/or vertical axes prior to attachment.

We show that the class of directed temperature-1 RTAM systems
is not computationally universal, which is conjectured but unproven for
the aTAM, and like the aTAM, the RTAM is computationally universal
at temperature 2. We then show that at temperature 1, when starting
from a single tile seed, the RTAM is capable of assembling n X n squares
for n odd using only n tile types, but incapable of assembling n x n
squares for n even. Moreover, we show that n is a lower bound on the
number of tile types needed to assemble n X n squares for n odd in the
temperature-1 RTAM. The conjectured lower bound for temperature-1
aTAM systems is 2n — 1. Finally, we give preliminary results toward the
classification of which finite connected shapes in Z? can be assembled
(strictly or weakly) by a singly seeded (i.e. seed of size 1) RTAM system,
including a complete classification of which finite connected shapes may
be strictly assembled by a mismatch-free singly seeded RTAM system.
We also show that arbitrary shapes with scale factor 2 can be assem-
bled in the singly seeded temperature-2 RTAM. These combined results
show that the ability of tiles to bind in flipped orientations is sometimes
provably limiting, while at other times can provide advantages, and they
provide a solid framework for the study of self-assembling systems com-
posed of molecular building blocks unable to enforce the constraints of
the aTAM.

* Department of Computer Science and Computer Engineering, University of
Arkansas, jhendric@uark.edu. Supported in part by National Science Foundation
Grant CCF-1117672 and CCF-1422152.

** Department of Computer Science and Computer Engineering, University of
Arkansas, patitz@uark.edu. Supported in part by National Science Foundation
Grant CCF-1117672 and CCF-1422152.

*** Department of Mathematical Sciences, University of Arkansas, tar003@email .uark.
edu. This author’s research was supported by the National Science Foundation Grad-
uate Research Fellowship Program under Grant No. DGE-1450079, and National
Science Foundation grants CCF-1117672 and CCF-1422152.
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Optimal program-size complexity for
self-assembly at temperature 1 in 3D

David Furcy *, Samuel Micka **, and Scott M. Summers * **

Abstract. Working in a three-dimensional variant of Winfree’s abstract
Tile Assembly Model, we show that, for all N € N, there is a tile set
that uniquely self-assembles into an N X N square shape at tempera-
ture 1 with optimal program-size complexity of O(log N/loglog N) (the
program-size complexity, also known as tile complexity, of a shape is the
minimum number of unique tile types required to uniquely self-assemble
it). Moreover, our construction is “just barely” 3D in the sense that it
works even when the placement of tiles is restricted to the z = 0 and
z = 1 planes. This result affirmatively answers an open question from
Cook, Fu, Schweller (SODA 2011). To achieve this result, we develop a
general 3D temperature 1 optimal encoding construction, reminiscent of
the 2D temperature 2 optimal encoding construction of Soloveichik and
Winfree (SICOMP 2007), and perhaps of independent interest.

* Department of Computer Science, University of Wisconsin—Oshkosh, Oshkosh, WI
54901, USA, furcyd@uwosh.edu.
** Computer Science Department, Montana State University, Bozeman, MT 59717,
USA, sam.micka@cs.montana.edu.
*** Department of Computer Science, University of Wisconsin—Oshkosh, Oshkosh, W1
54901, USA, summerss@uwosh.edu.

36



Molecular Ping-Pong Game of Life on a 2D Origami Array

N. Jonoskal, N.C. Seeman?

We introduce a model where local control allows oscillating platform attachments/detachments
between two molecular floating species [2]. This proposed system consists of a 2D DNA origami
array (platform) [3] whose tiles serve as a transmission storage (equipped with “communication” and
“identity” strands) and free floating tiles able to attach to their respective “identity” counterparts
on the array and transmit signals to its neighboring locations. The communication is achieved
through strand displacement mechanism, as originally introduced by Yurke et al. [4]. The array
tiles are divided in a checker-board (red/green) fashion such that in an alternate manner, at each
cycle, one of the colors receives the floating tiles, attached through the identity strands, and,
through communication signals, computes the identity of the next cycle tiles in the other color
tiles. We suggest that environmental control of the cycles can be achieved by equipping red (green)
identity tiles with different species of dyes or nanoparticles, species whose exposure to appropriate
wave length increases local temperature and thereby can prevent attachment or disassociate the
appropriate floating tiles from the array. Current experimental findings suggest that hybridization
of appropriately labeled single floating origami tiles to a system of duplex origami tiles equipped
with labeled single strands can be controlled with cyclic treatments of irradiation [1]. In a similar
fashion, cycles of toehold-based chemistry can be envisioned performing the same task.
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FIGURE 1. (left) Basic DNA Origami Tile. (center) Communication Signals. (right) The
arrangement sequence of Gol-like system on a 5 x 5 grid.

We show how algorithmic molecular interactions can control cyclic molecular arrangements by
exhibiting a system that can simulate a two-dimensional Game of Life-like (GoL-like) dynamics on
a 2D DNA origami array. We also initiate a theoretical model for cooperative molecular interac-
tions on a given platform that allows cycles of programmed molecular arrangements and dynamical
information processing to be experimentally feasible; moreover, through the proposed signal trans-
mission and molecular interactions on the predesigned array we show how to implement 2D cellular
automata like cyclic arrangements, thereby providing a “modus operandi” for cyclic molecular
cooperation.
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Flipping Tiles: Concentration Independent Coin
Flips in Tile Self-Assembly

Cameron T. Chalk *, Bin Fu **, Alejandro Huerta *, Mario A. Maldonado *,
Eric Martinez *, Robert T. Schweller *, and Tim Wylie

University of Texas Rio Grande Valley, Edinburg, TX 78539-2999
Email: {cameron.chalk01,bin.fu,alejandro.huerta0?2,
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Abstract. In this paper we introduce the robust coin flip problem in
which one must design an abstract tile assembly system (aTAM system)
whose terminal assemblies can be partitioned such that the final assem-
bly lies within either partition with exactly probability 1/2, regardless of
what relative concentration assignment is given to the tile types of the
system. We show that robust coin flipping is possible within the aTAM,
and that such systems can guarantee a worst case O(1) space usage. As
an application, we then combine our coin-flip system with the result of
Chandran, Gopalkrishnan, and Reif [3] to show that for any positive inte-
ger n, there exists a O(logn) tile system that assembles a constant-width
linear assembly of expected length n that works for all concentration as-
signments. We accompany our primary construction with variants that
show trade-offs in space complexity, initial seed size, temperature, tile
complexity, bias, and extensibility, and also prove some negative results.
Further, we consider the harder scenario in which tile concentrations
change arbitrarily at each assembly step and show that while this is not
solvable in the aTAM, this version of the problem can be solved by more
exotic tile assembly models from the literature.
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Efficient Universal Computation by
Molecular Co-Transcriptional Folding

Cody Geary, Pierre-Etienne Meunier, Nicolas Schabanel, Shinnosuke Seki

We investigate the algorithmic power of a previously overlooked phenomenon: the fact that molecules
fold as they are transcribed (co-transcriptional folding). Although our questions are mostly funda-
mental, the model itself is inspired by the experimental work of Geary, Rothemund, and Andersen
(Science 345:799-804, 2014), and could be implemented using ssRNA Origami in the future.

We introduce a new theoretical model called Oritatami (folding in Japanese). The to-be-folded
molecule is modeled as a sequence of beads (its primary structure) labelled by an alphabet X.
Beads attract each other according to a symmetric relation © C 3 x 3; e.g., in the case of RNA,
we may set ¥ = {A,C,G,U} and © = {(4,U),(C,G), (G,U)}. Note that there can be different levels of
considering what is abstracted to be a bead, depending on how complex the relation ¢ needs to be
for intended purpose. Beads would really represent, as in the real lab world, 5-6nt domains rather
than individual nucleotide, and this also realizes many more attraction rules than just A-U, G-C,
and G-U. A folded sequence is called a conformation. In an Oritatami system, we extend an initial
conformation called the seed (the input in algorithmic terms) by transcribing a primary structure
while folding it on the triangular grid so as to form as many bonds as possible according to ©.
Unlike conventional models of folding like Hydrophobic-Hydrophilic (HP) model, Oritatami does
not fold the whole sequence at one time. Instead, it transcribes the next d; beads of the sequence,
considers all possible ways to extend the current conformation by folding them, and determines their
locations so as to maximize the number of bonds according to ©, where §; is a system parameter
called the delay time which acts approximately as a temperature parameter (the larger it is, the
less stable is the tail of the folding). For instance, an Oritatami system with delay time 1 settles a
bead, once being transcribed, down in the unoccupied positions next to the preceding bead where
maximum number of new bonds are formed. Below, we illustrate an Oritatami system with delay
time 2 that folds the primary structure UAAG from the placed seed labelled UCAG; note that the
locations of the two As change as the transcription goes on.

the seed
®.0 @—@—@@ O—O0—@—®
0:e-© OG- — oG

We study the simulation, prediction, and programming of Oritatami systems. First, we propose
an efficient simulation of cyclic tag system (CTS) by an Oritatami system with delay time 3
whose primary structure is periodic. As a corollary, simulating Oritatami systems is P-hard.
One can determine in polynomial time whether a given Oritatami system folds its sequence in an
expected way. As for programming, designing a set ¢ of rules to fold a given sequence into given
conformations is proved NP-hard. In contrast, if we can choose the sequence, then we can provide
an algorithm to design an Oritatami system. The running time of this algorithm is linear in the
length of the sequence but exponential in the number of target conformations.
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Plenary Talk 5: Digital Alchemy for Optimized Self Assembly

Sharon Glotzer

Departments of Chemical Engineering, Material Science & Engineering, Macromolecular
Science & Engineering, and Physics, University of Michigan

Algorithmic self-assembly generally relies on designing interaction rules so that specific
building blocks "fall" into place to assemble a desired target structure. In such cases, the
complexity of the interaction ruleset scales with the complexity of the target structure.
Crystallographic self-assembly, in contrast, relies on simple, uniform interactions among
building blocks (atoms, molecules, colloids), often forming structures of great complexity
without the need for interaction specificity. Even excluded volume interactions, in the absence
of any other forces, can lead to the entropic assembly of remarkably complex, even aperiodic,
ordered structures. In this talk we show how entropic as well as simple isotropic interactions
can lead to such complexity, even if the building blocks are identical and relatively simple, and
how the choice of "best" shape or interaction ruleset for a target assembly can be formalized
through extended ensemble theory and “digital alchemy.” By understanding how complexity
can be achieved even from simple rules, the lessons we learn suggest that a generalized
approach to algorithmic assembly could lead to simplifications in the rules used for generation
of complex structures.
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Designs and Algorithms for DNA Folding of Custom 3D Polyhedra

Abdulmelik Mohammed!, Eugen Czeizler!, Erik Benson?, Johan Gardell?, Sergej Masich?,
Bjorn Hogberg?, and Pekka Orponen’

We introduce a general algorithmic approach and software pipeline for generating designs of 3D
polyhedral DNA origami structures from custom-presented wireframe models [1]. The technique
routes the DNA scaffold strand on the mesh of these structures according to a one helix per edge
principle, thus enabling the synthesis of large irregular structures with unprecedented complexity.

The design is based on the following restrictions and motivations. First, the meshes should
be triangulated to bolster the rigidity of the assembled structures. Second, each edge should be
rendered with one double helix for efficient use of DNA base-pairs. Third, the scaffold strand should
not cross itself to avoid strand entanglement as well as protrusions due to stacking of crossing helices.

The first requirement amounts to designing a triangulated polygonal model in some 3D design
software. To meet the second requirement, the scaffold strand should traverse each edge exactly
once, which is possible if and only if the mesh is Eulerian. Since not all polyhedral meshes are
Eulerian, we relax the second requirement and add a minimal number of edges to satisfy the condi-
tion. Then, scaffold routing becomes equivalent to finding a Chinese Postman Tour [2]. However, a
routing based on a CPT can contain scaffold crossings at vertices. To fulfill the third requirement,
we note that the scaffold should be routed according to an A-trail, a type of Eulerian trail with
restrictions on transitions at vertices based on the order of their incident edges. However, finding
A-trails is known to be NP-complete even when restricted to polyhedral graphs with triangular
and quadrilaterals faces [3]. On the other hand, Eulerian plane triangulations, which emanate from
rigid polyhedral structures in our context, are conjectured to always admit A-trails [4]. This pos-
tulate is linked to a 40-year old standing conjecture by Barnette, which states that every bipartite
polyhedral graph with three edges per vertex has a Hamiltonian cycle.

Given the general NP-hardness result, we designed and implemented a branch-and-bound algo-
rithm to find A-trails on planar graphs. We systematically structured the search tree and employed
a branching order heuristic to considerably reduce the run-time of the algorithm. Coupled with
components for mesh modification and planar embedding, our implementation is able to find routes
for structured meshes with hundreds of faces within seconds. The use of weighted Eulerian cir-
cuits for DNA origami has also been suggested in recent theoretical work [5], proposing the use of
TSP solvers for the general task of finding scaffold routings. Our focus is however specifically on
non-crossing routings, yielding an effective software pipeline leading from 3D models to strand se-
quences. A variety of large complex polyhedra designed using this approach have been synthesized
and then imaged using Transmission Electron Microscopy and Cryo-Electron Tomography [1].
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New Geometric Algorithms
for Fully Connected Staged Self-Assembly

Erik D. Demaine* Sandor P. Fekete! Christian Scheffert Arne Schmidt!

We consider staged self-assembly systems, in which square-shaped tiles can be added to
bins in several stages. Within these bins, the tiles may connect to each other, depending on
the glue types of their edges. Previous work by Demaine et al. [1] showed that a relatively
small number of tile types suffices to produce arbitrary shapes in this model. However,
these constructions were only based on a spanning tree of the geometric shape, so they did
not produce full connectivity of the underlying grid graph in the case of shapes with holes;
designing fully connected assemblies with a polylogarithmic number of stages was left as
a major open problem. We resolve this challenge by presenting new systems for staged
assembly that produce fully connected polyominoes in (’)(log2 n) stages, for various scale
factors and temperature 7 = 2 as well as 7 = 1. Our constructions work even for shapes
with holes and uses only a constant number of glues and tiles. Moreover, the underlying
approach is more geometric in nature, implying that it promised to be more feasible for
shapes with compact geometric description. See the table for a concise summary.

Arbitrary Shapes Glues|Tiles| Bins Stages 7|Scale|Conn.|Planar
Spanning Tree Method [1] 2 16 |O(logn)|O(diameter)|1| 1 |partial| no
Monotone Shapes [1] 9 |O(1)| O(n) O(logn) |1| 1 full yes
Hole-Free Shapes [1] 8 |O(1)| O(N) O(N) 1| 2 full no
Shape with holes 7T 1O1)| O(k) O(log?n) (2| 3 full no
Hole-Free Shapes 7 1O(1)| O(k) O(logn) (2| 3 full no
Hole-Free Shapes 18 |O(1)| O(k) O(log?n) [1| 4 full no
Shape with holes 20 |O(1)| O(k) O(log?n) |[1| 6 full no

Table 1: Overview of results. The number of tiles of a shape P is denoted by N € O(n?),
n is the side length of a smallest bounding square, while k is the number of vertices of the
polyomino, with £ € Q(1) and k¥ € O(N). An assembly is composed in a planar fashion if
all tiles can be attached without making use of the third dimension.
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Leader Election and Shape Formation with
Self-Organizing Programmable Matter
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Abstract. In this paper we consider programmable matter consisting
of simple computational elements, called particles, that can establish
and release bonds and can actively move in a self-organized way, and
we investigate the feasibility of solving fundamental problems relevant
for programmable matter. As a model for such self-organizing particle
systems, we will use a generalization of the geometric amoebot model first
proposed in [1]. Based on the geometric model, we present efficient local-
control algorithms for leader election and line formation requiring only
particles with constant size memory, and we also discuss the limitations
of solving these problems within the general amoebot model.
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Coarse-grained modelling of RNA
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We present a nucleotide-level model for RNA, oxRNA [1]. The model is based on the coarse-
graining methodology developed for the oxDNA model of DNA [2, 3], which has been successfully
applied to a study of a wide range of nanotechnological systems [4]. The oxRNA model is designed
to reproduce structural, mechanical and thermodynamic properties of RNA, and the coarse-graining
level aims to retain the relevant physics for RNA hybridization and the structure of single- and
double-stranded RNA. The model can be used for efficient simulations of the structure of systems
with thousands of base pairs, and for the assembly of systems of up to hundreds of base pairs.

We apply the model in a range of nanotechnological and biological settings, such as the folding
thermodynamics of a pseudoknot, the formation of a kissing loop complex, the structure of a
hexagonal RNA nanoring, and the unzipping of a hairpin motif. Recently, the model has also been
extended using Debye-Hiickel theory to incorporate effects of different salt concentrations and used
to study RNA plectoneme formation at 0.1 M salt [5].

We further use the model to study the thermodynamics and kinetics of an RNA toehold-
mediated strand displacement reaction [6]. We obtain the rate of displacement reactions as a
function of the length of the toehold and temperature and find that the displacement is faster if the
toehold is placed at the 5" end of the substrate and that the displacement slows down with increasing
temperature for longer toeholds. Such an effect can be tested experimentally and may provide an
additional way to modulate displacement rates, which can be helpful in designing applications of
RNA strand displacement to bionanotechnology [7].

The source code implementing oxRNA both on CPU and GPU is available at dna.physics.ox.ac.uk.
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Plenary Talk 6: Production of DNA Nanostructures in Bacteria

Chris Voigt
Department of Biological Engineering, Massachusetts Institute of Technology

We are developing a basis by which cells can be programmed like robots to perform complex,
coordinated tasks for pharmaceutical and industrial applications. We are engineering new
sensors that give bacteria the senses of touch, sight, and smell. Genetic circuits — analogous
to their electronic counterparts — are built to integrate the signals from the various sensors.
Finally, the output of the gene circuits is used to control cellular processes. We are also
developing theoretical tools from statistical mechanics and non-linear dynamics to understand
how to combine genetic devices and predict their collective behavior. (Research description
from the laboratory website)
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Guiding systematic improvements of a DNA-actuated enzyme nanoreactor through single
molecule analysis

(Manuscript in preparation)

Soma Dhakal', Minghui Liu*®, Matthew R. Adendorff’, Adam G. Krieger', Mark Bathe®, Hao
Yan?®, Nils G. Walter"*

'Department of Chemistry, Single Molecule Analysis Group, University of Michigan, Ann Arbor,
MI 48109, USA, “Center for Single Molecule Biophysics, *Department of Chemistry and
Biochemistry, Arizona State University, Tempe, AZ 85287, USA. *Department of Biological
Engineering, Laboratory for Computational Biology & Biophysics, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA, *Corresponding author: nwalter@umich.edu

Switchable nanomachines provide a platform to control dynamic functional states by altering
distances at the nanoscale on demand. Recently, a tweezer-like DNA device was used to
control the activity of an enzyme/cofactor pair juxtaposed on the two arms of the tweezer. Initial
studies focused on bulk properties of the tweezer-mediated reactions, and hence lacked insight
into the mechanism of enzymatic activation. Here, we used site-specific fluorophore labeling of
the tweezer to monitor the arm-to-arm distance through single-molecule fluorescence
resonance energy transfer (smFRET). The smFRET analysis showed that the tweezer only
partially closes in the proposed “closed” state (arm-to-arm distance of ~6.5 nm) and exhibits
conformational sub-states. This observation was consistent with the inter-arm distance
measured by atomic force microscopy (AFM) of the closed tweezer. Molecular dynamics (MD)
simulation showed bending and twisting of the tweezer arms, rationalizing the sub-states.
Additionally, smFRET experiments on the isolated Holliday junction (HJ) hinge suggested that
the isomer resulting in the tightest closing of the tweezer (isomer-l) is relatively disfavored,
further explaining the only partial closing. Realizing the existing deficiencies — incomplete
closure upon actuation and conformational heterogeneity, we then used feedback from
smFRET, AFM and computational analyses to guide the systematic improvement of such an ad
hoc designed DNA tweezer. We rationally improved the closure by increasing the stem length of
the DNA hairpin bridging and actuating the tweezer from 3 to 4 base pairs, and by redesigning
the Holliday junction(s) to favor optimal isomer-1. The performance of the new tweezer designs
was quantitatively assessed by juxtaposing glucose-6-phosphate dehydrogenase (G6pDH) with
its cofactor NAD" on the tweezer arms and measuring the G6pDH activity through a coupled
enzymatic cascade. Using our optimized tweezer, we were able to enhance the bulk activity of
G6pDH upon tweezer closure to up to ~12-fold. Further, we developed a single-molecule
enzyme assay and show that the individual DNA-actuated enzyme nanoreactors respond to the
resulting improved closure and straighter tweezer arms in distinct, predictable ways. Our results
suggest that G6pDH stochastically fluctuates between active and inactive states, favoring the
active state upon closure of the tweezer. In the future, we anticipate that the improved design
strategies developed here will enhance the performance of many other nanodevices such as
responsive enzyme nanodevices, biosensing devices, and in production of smart materials.
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Leakless DNA strand displacement systems

Chris Thachuk!, Erik Winfree!', and David Soloveichik?

! California Institute of Technology
2 UCSF Center for Systems and Synthetic Biology

Abstract. While current experimental demonstrations have been lim-
ited to small computational tasks, DNA strand displacement systems
(DSD systems) hold promise for sophisticated information processing
within chemical or biological environments. A DSD system encodes de-
signed reactions that are facilitated by three-way or four-way toehold-
mediated strand displacement. However, such systems are capable of
spurious displacement events that lead to leak: incorrect signal produc-
tion. We have identified sources of leak pathways in typical existing DSD
schemes that rely on toehold sequestration and are susceptible to toe-
less strand displacement (i.e. displacement reactions that occur despite
the absence of a toehold). Based on this understanding, we propose a
simple, domain-level motif for the design of leak-resistant DSD systems.
This motif forms the basis of a number of DSD schemes that do not rely
on toehold sequestration alone to prevent spurious displacements. Spuri-
ous displacements are still possible in our systems, but require multiple,
low probability events to occur. Our schemes can implement combinato-
rial Boolean logic formulas and can be extended to implement arbitrary
chemical reaction networks.
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Supervised learning in an adaptive DNA strand
displacement circuit

Matthew R. Lakin!? and Darko Stefanovic!+?

' Department of Computer Science, University of New Mexico, NM 87131, USA
2 Center for Biomedical Engineering, University of New Mexico, NM 87131, USA

{mlakin,darko}@cs.unm.edu

Abstract. The development of DNA circuits capable of adaptive behavior is a
key goal in DNA computing, as such systems would have potential applications
in long-term monitoring and control of biological and chemical systems. In this
paper, we present a framework for adaptive DNA circuits using buffered strand
displacement gates, and demonstrate that this framework can implement super-
vised learning of linear functions. This work highlights the potential of buffered
strand displacement as a powerful architecture for implementing adaptive molec-
ular systems.
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Automated Design and Verification of Localized
DNA Computation Circuits

Michael A. Boemo!, Andrew J. Turberfield!, and Luca Cardelli*>3

! University of Oxford,
Department of Physics, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK
(michael.boemo, a.turberfieldl) @physics.ox.ac.uk
2 University of Oxford, Department of Computer Science, Wolfson Building, Parks
Road, Oxford OX1 3QD, UK
3 Microsoft Research Cambridge, Station Road, Cambridge CB1 2FB, UK
luca@microsoft.com

Simple computations can be performed using the interactions between molecules
of DNA. These interactions are typically toehold-mediated strand displacement
reactions in a well-mixed solution; they are not spatially controlled. Spatial con-
trol can be introduced by tethering oligonucleotide reactants to a DNA origami
tile. A single-stranded DNA walker can walk down a track of single-stranded
anchorages on an origami tile by undergoing a cycle of toehold-mediated branch
migration reactions powered by a nicking enzyme. Introducing multiple inter-
secting tracks on an origami tile enables these walkers to perform Boolean logic
by blocking other walkers on tracks that intersect with their own.

The principal type of error observed in these tethered systems is a timing
error whereby the walker to be blocked passes through the junction before the
blocking walker has arrived to block it. This “missed chance” error can be mini-
mized by understanding the rate at which each walker steps to a new anchorage
and then ensuring an appropriate number of anchorages for each track. Proba-
bilistic model checking can determine the shortest length (in number of anchor-
ages) for each track that keeps the missed chance error below a certain threshold.
To justify the use of model checking, we show how an intersecting track system
can be thought of as a distributed system: Anchorages are networked computers,
and the DNA walker is the message that they send to one another. Hence, the
track system can be modelled as a stochastic Petri net and the probability of
error determined by analyzing the resulting continuous time Markov chain.

To give an example of how these systems can be realized experimentally, we
describe a DNA mechanism for a junction anchorage that lies at the intersection
between two tracks. The junction is initially in an accept state whereby a walker
can step through it and continue walking down its track. If a blocking walker
arrives first, however, it switches the junction into a block state where it will trap
the other walker on the intersecting track. The theoretical machinery developed
in this paper can help design such a system and ensure that it operates with
minimal error.
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On low energy barrier folding pathways for
nucleic acid sequences

Leigh-Anne Mathieson and Anne Condon

U. British Columbia, Department of Computer Science, Vancouver, BC, Canada

Abstract. Secondary structure folding pathways correspond to the ex-
ecution of DNA programs such as DNA strand displacement systems. It
is helpful to understand the full diversity of features that such pathways
can have, when designing novel folding pathways. In this work, we show
that properties of folding pathways over a 2-base strand (a strand with
either A and T, or C and G, but not all four bases) may be quite different
than those over a 4-base alphabet. Our main result is that, for a simple
energy model in which each base pair contributes —1, 2-base sequences
of length n always have a folding pathway of length O(n®) with energy
barrier at most 2. We provide an efficient algorithm for constructing such
a pathway. In contrast, it is unknown whether minimum energy barrier
pathways for 4-base sequences can be found efficiently, and such path-
ways can have barrier ©(n). We also present several results that show
how folding pathways with temporary and/or repeated base pairs can
have lower energy barrier than pathways without such base pairs.
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Stochastic Simulation of the Kinetics
of Multiple Interacting Nucleic Acid Strands

Joseph Malcolm Schaeffer!-2, Chris Thachuk!, and Erik Winfree!

! California Institute of Technology
? Current address: Autodesk Research

Abstract. DNA nanotechnology is an emerging field which utilizes the
unique structural properties of nucleic acids in order to build nanoscale
devices, such as logic gates, motors, walkers, and algorithmic structures.
Predicting the structure and interactions of a DNA device requires effec-
tive modeling of both the thermodynamics and the kinetics of the DNA
strands within the system. The kinetics of a set of DNA strands can be
modeled as a continuous time Markov process through the state space of
all secondary structures. The primary means of exploring the kinetics of
a DNA system is by simulating trajectories through the state space and
aggregating data over many such trajectories. We expand on previous
work by extending the thermodynamics and kinetics models to handle
multiple strands in a fixed volume, in a way that is consistent with previ-
ous models. We developed data structures and algorithms that allow us
to take advantage of local properties of secondary structure, improving
the efficiency of the simulator so that we can handle reasonably large sys-
tems. Finally, we illustrate the simulator’s analysis methods on a simple
case study.
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Nanoday Talk 1: DNA and Nanotechnology

Nadrian C. Seeman
Department of Chemistry, New York University

We build branched DNA species joined using Watson-Crick base pairing to produce N-
connected objects and lattices. We have used ligation to construct DNA topological targets.
We have made robust 2-state and 3-state programmable robotic devices and bipedal walkers.
We have constructed a molecular assembly line using a DNA origami layer and three 2-state
devices, so that there are eight different states represented by their arrangements. We have
self-assembled a 3D crystalline array. We can use crystals with two molecules to control the
color of the crystals. Rational design of intermolecular contacts has enabled us to improve
crystal resolution to 2.65 A. We are now doing strand displacement in the crystals to change
the color of crystals, thereby making a 3D-based molecular machine. Thus, structural DNA
nanotechnology has fulfilled its initial goal of controlling the internal structure of macroscopic
constructs in three dimensions.
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Nanoday Talk 2: Designer DNA Architectures for Programmable Self-
Assembly

Hao Yan
Department of Chemistry and Biochemistry & Biodesign Institute, Arizona State University

In this talk | will present our efforts in using DNA as an information-coding polymer to program
and construct DNA nano-architectures with complex geometrical features. These include
single layer curved and complex wireframe DNA origami nanostructures, 2D and 3D lattices
etc. Use of designer DNA architectures as molecular scaffolds for directed assembly of
interactive biomolecular networks and inorganic nanotructures will also be discussed.
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Nanoday Talk 3: Programming Functional Structured DNA Assemblies

Mark Bathe
Department of Biological Engineering, Massachusetts Institute of Technology

Viral capsids and bacterial light-harvesting antennas are two remarkable macromolecular
architectures designed through millions of years of natural selection. While genetic engineering
offers one approach to re-engineering these highly evolved assemblies for societal purposes,
bottom-up self-assembly of structured DNA architectures that can host functional guest
molecules offers a complementary biosynthetic approach. Here, | will present our efforts to
develop a computational framework to automatically “print” structured DNA assemblies of
arbitrary 3D shape at the nanometer scale. Our approach includes atomic-level constraints on
the positioning of guest molecules including lipids, peptides, enzymes, RNAs, and
chromophores. Applications to the design of custom J-aggregate chromophore assemblies
with highly efficient energy transfer rates characteristic of bacterial light-harvesting systems
and viral capsids of arbitrary symmetry and size on the ten nanometer scale will be presented.
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Nanoday Talk 4: Self-Assembly of Polymers and Other Molecules
Conjugated to DNA

Kurt Gothelf
Department of Chemistry, Interdisciplinary Nanoscience Center, Aarhus University

We are using DNA as a programmable tool for directing the self-assembly of molecules and
materials. The unique specificity of DNA interactions and our ability to synthesize artificial
functionalized DNA sequences makes it the ideal material for controlling self-assembly and
chemical reactions of components attached to DNA sequences. Recently, we applied these
methods to DNA templated conjugation of DNA to proteins such as antibodies. In particular we
are using DNA origami, large self-assembled DNA structures, as a template for positioning of
materials such as organic molecules, dendrimers, and biomolecules. The main focus of the
presentation will be on a phenylene vinylene polymer with DNA sequences protruding from
each repeat unit and its self-assembly on DNA origami.
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Nanoday Talk 5: The Frame Guided Assembly

Dongsheng Liu
Department of Chemistry, Tsinghua University

How to precisely control the shape and size of final assemblies, especially using same
amphiphilic molecules and under the same environmental conditions, is always a challenge in
molecular assembly. Inspired by the cytoskeletal/membrane protein/lipid bilayer system that
determines the shape of eukaryotic cells, we proposed and ‘the Frame Guided Assembly’
(FGA) strategy to prepare heterovesicles with programmed geometry and dimensions. This
method offers greater control over self-assembly: with same molecular system, the size of final
assemblies could be tuned at 1 nm level and their shape could vary from spherical to cubic,
and even given sized two dimensional sheets. Most importantly, the principle of the FGA could
be applied to various materials such as bock copolymers, small molecules including
surfactants and lipids, which is a general rule in self-assembly.
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Nanoday Talk 6: Creating Combinatorial Patterns with DNA Origami Arrays

Lulu Qian
Department of Bioengineering, California Institute of Technology

DNA origami and smaller DNA tiles have been used as scaffolds to create complex patterns
for organizing molecules with nanometer precision. Arrays of DNA origami and DNA tiles have
been shown to be capable of creating patterns in a larger scale. Here we aim to create a
variety of large-scale complex patterns by using a combinatorial approach called Truchet tiling.
We developed a symmetric square DNA origami tile that can rotate and attach to one another
on all four sides, with which we constructed two-dimensional finite and unbounded arrays.
Labeling the origami tile with simple Truchet patterns, we successfully observed a variety of
emergent maze-like patterns on the origami arrays. Our approach could be used to better
understand the design principles for building robust molecular robots by testing them against
increasingly complex environment. It could also potentially be used to efficiently screen
functional molecular devices and advance nanoscale fabrication.
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Nanoday Talk 7: Knowledge-Driven Design of Probes and Primers for
Nucleic Acid Analysis

David Yu Zhang
Department of Bioengineering, Rice University

Hybridization of probes and primers to intended nucleic acid target sequences forms the basis
of modern nucleic acid detection, sequencing, and quantitation technologies. To date, probe
and primer sequence design remains highly empirical, relying on iterative experimental testing
and optimization. For complex samples and/or multiplexed analysis, even empirical
optimization becomes challenging due to the large number of interactions involved. Our group
is focused on the development of novel nucleic acid analysis technologies, using first-
principles biophysics approaches. For example, we (1) have developed hybridization probes
with median 890-fold single-nucleotide selectivity across 44 cancer driver mutation sequences,
(2) are able to precisely tune the selectivity-affinity tradeoff with less than 2% granularity on-
the-fly using stoichiometry without resynthesis of new reagents, (3) can detect less than 0.1%
single nucleotide variants from 20ng human genomic DNA using quantitative PCR across
anneal temperatures spanning 8 °C, (4) can provide qPCR-like log-linear signal responses to
target concentration in an enzyme-free setting, and (5) used digital thresholding to provide
multiplexed information on multiple target sequences using the same fluorescence channel.
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Nanoday Talk 8: DNA Circuitry and NextGen Sequence Informatics

Andrew D. Ellington
Department of Chemistry, University of Texas at Austin

DNA nanotechnology has been seen as a means of controlling either structure or information
processing. The development of sequence-modulated riboswitches has proved a boon for
developing programmable cellular operating systems. While nucleic acid circuitry is operable in
cells, there are aspects of the processing of biological information that go beyond the biological
systems themselves. The development of NextGen sequencing technologies is rapidly
digitizing all of biology. Sequence becomes a means of identification, manipulation, &
synthesis of phenotype, both in & out of organisms. DNA nanotechnology & circuitry can
potentially cross into this realm too. Our lab has explored the use of DNA circuitry for point-of-
care diagnostics applications, but there are perhaps even greater opportunities for information
processing at the molecular level prior to or concomitant with sequencing & sequence analysis
itself. DNA nanotechnology tools could greatly enable the NextGen revolution.
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Nanoday Talk 9: Synthetic Biology: Reprogramming Life

James J. Collins

Founding Core Faculty Member & Platform Lead, Anticipatory Medical and Cellular Devices,
Wyss Institute

Henri Termeer Professor of Medical Engineering & Science,

Department of Biological Engineering, Massachusetts Institute of Technology

Synthetic biology is bringing together engineers, physicists and biologists to model, design and
construct biological circuits out of proteins, genes and other bits of DNA, and to use these
circuits to rewire and reprogram organisms. These re-engineered organisms are going to
change our lives in the coming years, leading to cheaper drugs, rapid diagnostic tests, and
synthetic probiotics to treat infections and a range of complex diseases. In this talk, we
highlight recent efforts to create synthetic gene networks and programmable cells, and discuss
a variety of synthetic biology applications in biotechnology and biomedicine, and biocomputing.
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Nanoday Talk 10: Nucleic Acid-Based Components for Artificial Cells

Friedrich Simmel
Technische Universitat Miinchen

Over the past years, DNA nanotechnology and molecular programming have developed
successful methodologies for the organization of matter in space and time. The programmable
interactions between DNA and RNA molecules can be used to create supramolecular
structures, molecular machines and information-processing molecular circuits. Several of these
functionalities will now be integrated into more complex systems and encapsulated into cell-
scale compartments. Depending on the viewpoint and application, this will ultimately result in
soft robotic or artificial cellular systems.
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Nanoday Talk 11: Expansion Microscopy

Edward Boyden

MIT Media Lab and McGovern Institute, Departments of Biological Engineering and Brain and
Cognitive Sciences, MIT Center for Neurobiological Engineering,
Massachusetts Institute of Technology

Microscopy has enabled many biological discoveries by optically magnifying images of fixed
cells and tissues. We have now discovered that physical magnification of the specimen itself is
also possible. By delivering DNA barcode-containing labels to biomolecules in a specimen,
synthesizing a swellable polymer network throughout the specimen, enzymatically digesting
endogenous biological structure, and dialyzing the sample in water, we can expand cells and
tissues by >100x in volume. This process, which we call expansion microscopy (ExM), is
isotropic down to the nanoscale, and thus enables scalable nanoscale imaging of large 3-D
samples. We are developing strategies for multiplexed readout of anchored DNA barcodes, in
order to identify and localize thousands of different kinds of biomolecule, with nanoscale
precision, in cells throughout intact tissues- a key step towards understanding the configuration
of complex biological systems in normal and disease states.
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Nanoday Talk 12: DNA Nanoswitches: From Force Spectroscopy to
Instrument-Free Interaction Analysis

Wesley P. Wong

Departments of Biological Chemistry & Molecular Pharmacology and Pediatrics, Harvard
Medical School

Program in Cellular and Molecular Medicine, Boston Children's Hospital

Wyss Institute for Biologically Inspired Engineering, Harvard University

Using DNA self-assembly we have developed a nanoscale mechanical switch for probing
molecular interactions. | will discuss how these DNA nanoswitches can be used for a variety of
applications, from facilitating massively-parallel single-molecule force measurements on the
Centrifuge Force Microscope to enabling instrument-free interaction analysis using a simple
gel readout.
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