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1 Heading

e PI: Peng Yin
e Organization: Harvard University
e ONR Award Number: N00014-13-1-0593

e Award Title: Kinetic Self-assembly of Complex Structures from DNA Tiles and Bricks

2 Scientific and technical objectives

The objective of our work is to engineer synthetic developmental self-assembly, where a synthetic
molecular structure grows isothermally in a kinetically controlled fashion. We combine the struc-
tural insight gleaned from building complex structures from single stranded DNA bricks with the
kinetic insight on programming assembly pathway using hairpin motifs and strand displacement
interactions. This paradigm is fundamentally different from and conceptually more powerful than
the dominant thermal annealing paradigm for assembling synthetic molecular structures. We are
using this developmental self-assembly framework for triggered isothermal self-assembly of highly
complex single-stranded tile and bricks based nano-structures. The successful implementation of
this developmental self-assembly framework will introduce a profound paradigm shift in the field
of synthetic self-assembly, and promises numerous technological applications with transformative
impacts. As a parallel and supplemental effort we develop software tools to automate the design and
in silico testing of these structures.

3 Approach

We report herein on the following approaches:

1. Development of fundamental molecular mechanisms that enable the developmental self-assembly
of complex DNA nano structures. See section 5.1 for details.

2. Development of transformative real world applications based on dynamic DNA nanotechnol-
ogy. See section 5.2 for details.

3. Development of software tools to enable automated design and in silico testing of kinetic DNA
nanosystems. See section 5.3.

4 Concise accomplishment

e A Biochemical Nanoscope via Auto-cycling Proximity Recording. Here, we present a microscope-
free “biochemical nanoscopy” method that records sophisticated nanostructure features in
situ for later readout. The method is based on a conceptually novel Auto-cycling Proximity
Recording (APR) mechanism, which continuously and repeatedly produces proximity records
of any nearby pairs of DNA-barcoded probes, at physiological temperature, without destroy-
ing the probes themselves.



Barcode Extension for Analysis and Reconstruction of Structures (BEARS). We introduce
a new method of structure characterization for simultaneous quantification of every strand
species incorporated into a structure. Our method uses barcode extension and next-generation
DNA sequencing to quantitatively measure the relative incorporation of individual strands into
a DNA nanostructure.

Eliminating Kinetic Barriers through Sequence Design Allows Rapid Assembly of DNA Origami
at Room Temperature. . We use computational sequence design to eliminate prohibitive ki-
netic barriers and thus assemble DNA origami at room temperature in as little as five minutes.

Quantitative superresolution imaging with gPAINT. Here, we use the programmable and spe-
cific binding of dye-labeled DNA probes to countinteger numbers of targets. This method,
called quantitative points accumulation in nanoscale topography (qPAINT), works indepen-
dently of dye photophysics for robust counting with high precision and accuracy over a wide
dynamic range.

Optical imaging of individual biomolecules in densely packed clusters. Here, we show that
discrete molecular imaging is possible using DNA-PAINT (points accumulation for imaging
in nanoscale topography) - a super-resolution fluorescence microscopy technique that exploits
programmable transient oligonucleotide hybridizationNon synthetic DNA nanostructures.

DyNAMiC Workbench: An Integrated Development Environment for Dynamic DNA Nanotech-
nology. Here, we present software implementing a three OtierO design process: a high-level
visual programming language is used to describe systems, a molecular compiler builds a DNA
implementation and nucleotide sequences are generated and optimized. Additionally, our soft-
ware includes tools for analysing and C)debuggingé the designs in silico, and for import-
ing/exporting designs to other commonly used software systems.

Paper-based synthetic gene networks We present an in vitro paper-based platform that provides
an alternate, versatile venue for synthetic biologists to operate and a much-needed medium
for the safe deployment of engineered gene circuits beyond the lab. We demonstrate this
technology with small-molecule and RNA actuation of genetic switches, rapid prototyping of
complex gene circuits, and programmable in vitro diagnostics, including glucose sensors and
strain-specific Ebola virus sensors.

Toehold switches: de-novo-designed regulators of gene expression we report a class of de-
novo-designed prokaryotic riboregulators called toehold switches that activate gene expression
in response to cognate RNAs with arbitrary sequences. Toehold switches provide a high level
of orthogonality and can be forward engineered to provide average dynamic range above 400.

Complex reconfiguration of DNA nanostructures We have developed a general structural-
reconfiguration method that utilizes the modularly interconnected architecture of single-stranded
DNA tile and brick structures. By using this method, we reconfigured a two-dimensional rect-
angular DNA canvas and a three-dimensional DNA cuboid into diverse prescribed shapes.

Developmental self-assembly of a DNA tetrahedron By integrating temporal with spatial con-
trol, here we demonstrate the “developmental” self-assembly of a DNA tetrahedron, where a



prescriptive molecular program orchestrates the kinetic pathways by which DNA molecules
isothermally self-assemble into a well-defined three-dimensional wireframe geometry.

o Multiplexed 3D cellular super-resolution imaging with DNA-PAINT and Exchange-PAINT
Here we use the transient binding of short fluorescently labeled oligonucleotides (DNA-PAINT,
a variation of point accumulation for imaging in nanoscale topography) for simple and easy-
to-implement multiplexed super-resolution imaging that achieves sub-10-nm spatial resolution
in vitro on synthetic DNA structures.

e Design space for complex DNA structures We perform a comprehensive study of the design
space for complex DNA structures, using more than 30 distinct motifs derived from single-
stranded tiles. These motifs self-assemble to form structures with diverse strand weaving
patterns and specific geometric properties, such as curvature and twist.

e [sothermal self-assembly of complex DNA structures under diverse and biocompatible condi-
tions We describe a DNA self-assembly system that can be tuned to form a complex target
structure isothermally at any prescribed temperature or homogeneous condition within a wide
range. We were able to achieve isothermal assembly between 15 and 69 aC in a predictable
fashion.

S Expanded accomplishments

5.1 Fundamental Accomplishments in Kinetic Self-Assembly
5.1.1 Barcode Extension for Analysis and Reconstruction of Structures (BEARS)

Collections of DNA sequences can be rationally designed to self-assemble into predictable three-
dimensional structures. The geometric and functional diversity of DNA nanostructures created to
date has been enhanced by improvements in DNA synthesis and computational design. However,
existing methods for structure characterization typically image the final product or laboriously deter-
mine of the presence of individual, labeled strands using gel electrophoresis. Here, we introduce a
new method of structure characterization for simultaneous quantification of every strand species in-
corporated into a structure. Our method uses barcode extension and next-generation DNA sequenc-
ing to quantitatively measure the relative incorporation of individual strands into a DNA nanostruc-
ture. By quantifying the relative abundances of distinct DNA species in product and monomer bands,
we can study the influence of geometry and sequence on assembly. We have tested our method using
2D and 3D DNA brick and DNA origami structures. Our method is general and should be extensible
to a wide variety of synthetic DNA structures.

5.1.2 Eliminating Kinetic Barriers through Sequence Design Allows Rapid Assembly of DNA
Origami at Room Temperature

DNA Origami [3] is a robust and programmable technique to make DNA nanostructures. A key use
of DNA origami structures has been as nanoscale breadboards that organize components like small
proteins, nanoparticles, small molecules and other DNA strands. Typical DNA origami assembly
requires that the scaffold strand be annealed with staple strands in the appropriate buffer. The high



temperatures (> 80C) used in this process are not always compatible with temperature-sensitive
components or contexts. In response, there have been attempts to isothermally fold DNA. Studies
have show that DNA origami can assemble isothermally if held at temperatures around 60C, or at
room temperature by using denaturing agents. However, rapid assembly of DNA origami at room
temperature without the use of denaturing agents, which can be toxic or have other unintended
consequences, has not been achieved. We assembled a rectangular DNA origami from a 1000 base
long DeBruijn derived scaffold sequence and a corresponding staple set. The origami assembles
isothermally in as little as five minutes at temperatures ranging from 25C to 50C. Refer to appendix
for more details.

5.1.3 Complex reconfiguration of DNA nanostructures

Nucleic acids have been used to create diverse synthetic structural and dynamic systems. Toehold-
mediated strand displacement has enabled the construction of sophisticated circuits, motors, and
molecular computers. Yet it remains challenging to demonstrate complex structural reconfigura-
tion in which a structure changes from a starting shape to another arbitrarily prescribed shape. To
address this challenge, we have developed a general structural-reconfiguration method that utilizes
the modularly interconnected architecture of singlestranded DNA tile and brick structures. The
removal of one component strand reveals a newly exposed toehold on a neighboring strand, thus en-
abling us to remove regions of connected component strands without the need to modify the strands
with predesigned external toeholds. By using this method, we reconfigured a two-dimensional rect-
angular DNA canvas into diverse prescribed shapes. We also used this method to reconfigure a
three-dimensional DNA cuboid.

5.1.4 Developmental self-assembly of a DNA tetrahedron

Kinetically controlled isothermal growth is fundamental to biological development, yet it remains
challenging to rationally design molecular systems that self-assemble isothermally into complex
geometries via prescribed assembly and disassembly pathways. By exploiting the programmable
chemistry of base pairing, sophisticated spatial and temporal control have been demonstrated in
DNA self-assembly, but largely as separate pursuits. By integrating temporal with spatial control,
here we demonstrate the “developmental” self-assembly of a DNA tetrahedron, where a prescriptive
molecular program orchestrates the kinetic pathways by which DNA molecules isothermally self-
assemble into a well-defined three-dimensional wireframe geometry. In this reaction, nine DNA
reactants initially coexist metastably, but upon catalysis by a DNA initiator molecule, navigate 24
individually characterizable intermediate states via prescribed assembly pathways, organized both
in series and in parallel, to arrive at the tetrahedral final product. In contrast to previous work on
dynamic DNA nanotechnology, this developmental program coordinates growth of ringed substruc-
tures into a three-dimensional wireframe superstructure, taking a step toward the goal of kinetically
controlled isothermal growth of complex three-dimensional geometries.

5.1.5 Design space for complex DNA structures

Nucleic acids have emerged as effective materials for assembling complex nanoscale structures. To
tailor the structures to function optimally for particular applications, a broad structural design space
is desired. Despite the many discrete and extended structures demonstrated in the past few decades,



the design space remains to be fully explored. In particular, the complex finite-sized structures pro-
duced to date have been typically based on a small number of structural motifs. Here, we perform
a comprehensive study of the design space for complex DNA structures, using more than 30 dis-
tinct motifs derived from single-stranded tiles. These motifs self-assemble to form structures with
diverse strand weaving patterns and specific geometric properties, such as curvature and twist. We
performed a systematic study to control and characterize the curvature of the structures, and con-
structed a flat structure with a corrugated strand pattern. The work here reveals the broadness of the
design space for complex DNA nanostructures.

5.1.6 Isothermal self-assembly of complex DNA structures under diverse and biocompatible
conditions

Nucleic acid nanotechnology has enabled researchers to construct a wide range of multidimensional
structures in vitro. Until recently, most DNA-based structures were assembled by thermal annealing
using high magnesium concentrations and non-physiological environments. Here, we describe a
DNA self-assembly system that can be tuned to form a complex target structure isothermally at any
prescribed temperature or homogeneous condition within a wide range. We were able to achieve
isothermal assembly between 15 and 69 ° C in a predictable fashion by altering the strength of strand-
strand interactions in several different ways, for example, domain length, GC content, and linker
regions between domains. We also observed the assembly of certain structures under biocompatible
conditions, that is, at physiological pH, temperature, and salinity in the presence of the molecular
crowding agent polyethylene glycol (PEG) mimicking the cellular environment. This represents an
important step toward the self-assembly of geometrically precise DNA or RNA structures in vivo.

5.1.7 A Biochemical Nanoscope via Auto-cycling Proximity Recording

Analysis of the spatial arrangement of molecular features enables the engineering of synthetic nanos-
tructures and the understanding of natural ones. Microscopy methods can provide direct visualiza-
tion of complex spatial features but typically require sophisticated equipment with limited through-
put. Here, we present a microscope-free “biochemical nanoscopy” method that records sophisticated
nanostructure features in situ for later readout. The method is based on a conceptually novel Auto-
cycling Proximity Recording (APR) mechanism, which continuously and repeatedly produces prox-
imity records of any nearby pairs of DNA-barcoded probes, at physiological temperature, without
destroying the probes themselves. We demonstrate the proximity and auto-cycling characteristics,
and then apply the system as a biochemical nanoscope to accurately decode various spatial arrange-
ments of 7 unique probes in homogeneous test samples. We further demonstrate the ability of APR
to re-sample the same dynamic system repeatedly. Future development is expected to enable read-
out with massively parallel sequencing methods, creating a truly single-molecule technique. Refer
to appendix for more details

5.2 Applications of Kinetic Self-Assembly
5.2.1 Quantitative superresolution imaging with qPAINT

Counting molecules in complexes is challenging, even with super-resolution microscopy. Here, we
use the programmable and specific binding of dye-labeled DNA probes to count integer numbers of



targets. This method, called quantitative points accumulation in nanoscale topography (qPAINT),
works independently of dye photophysics for robust counting with high precision and accuracy over
a wide dynamic range. qPAINT was benchmarked on DNA nanostructures and demonstrated for
cellular applications by quantifying proteins in situ and the number of single-molecule FISH probes
bound to an mRNA target.

5.2.2 Optical imaging of individual biomolecules in densely packed clusters

Recent advances in fluorescence super-resolution microscopy have allowed subcellular features and
synthetic nanostructures down to 10 — 20 nm in size to be imaged. However, the direct optical ob-
servation of individual molecular targets (= 5 nm) in a densely packed biomolecular cluster remains
a challenge. Here, we show that such discrete molecular imaging is possible using DNA-PAINT
(points accumulation for imaging in nanoscale topography) - a super-resolution fluorescence mi-
croscopy technique that exploits programmable transient oligonucleotide hybridization - on synthetic
DNA nanostructures. We examined the effects of a high photon count, high blinking statistics and an
appropriate blinking duty cycle on imaging quality, and developed a software-based drift correction
method that achieves < 1 nm residual drift (root mean squared) over hours. This allowed us to image
a densely packed triangular lattice pattern with ~ 5 nm point-to-point distance and to analyse the
DNA origami structural offset with angstrom-level precision (2 A°) from single-molecule studies.
By combining the approach with multiplexed exchange-PAINT imaging, we further demonstrated
an optical nanodisplay with 5 x 5 nm pixel size and three distinct colours with < | nm cross-channel
registration accuracy.

5.2.3 Paper-based synthetic gene networks

Synthetic gene networks have wide-ranging uses in reprogramming and rewiring organisms. To
date, there has not been a way to harness the vast potential of these networks beyond the constraints
of a laboratory or in vivo environment. Here, we present an in vitro paper-based platform that
provides an alternate, versatile venue for synthetic biologists to operate and a much-needed medium
for the safe deployment of engineered gene circuits beyond the lab. Commercially available cell-
free systems are freeze dried onto paper, enabling the inexpensive, sterile, and abiotic distribution of
synthetic-biology-based technologies for the clinic, global health, industry, research, and education.
For field use, we create circuits with colorimetric outputs for detection by eye and fabricate a low-
cost, electronic optical interface. We demonstrate this technology with small-molecule and RNA
actuation of genetic switches, rapid prototyping of complex gene circuits, and programmable in
vitro diagnostics, including glucose sensors and strain-specific Ebola virus sensors.

5.2.4 Toehold switches: de-novo-designed regulators of gene expression

Efforts to construct synthetic networks in living cells have been hindered by the limited number of
regulatory components that provide wide dynamic range and low crosstalk. Here, we report a class
of de-novo-designed prokaryotic riboregulators called toehold switches that activate gene expres-
sion in response to cognate RNAs with arbitrary sequences. Toehold switches provide a high level
of orthogonality and can be forward engineered to provide average dynamic range above 400. We
show that switches can be integrated into the genome to regulate endogenous genes and use them
as sensors that respond to endogenous RNAs. We exploit the orthogonality of toehold switches to



regulate 12 genes independently and to construct a genetic circuit that evaluates 4-input AND logic.
Toehold switches, with their wide dynamic range, orthogonality, and programmability, represent a
versatile and powerful platform for regulation of translation, offering diverse applications in molec-
ular biology, synthetic biology, and biotechnology.

5.2.5 Multiplexed 3D cellular super-resolution imaging with DNA-PAINT and Exchange-
PAINT

Super-resolution fluorescence microscopy is a powerful tool for biological research, but obtaining
multiplexed images for a large number of distinct target species remains challenging. Here we
use the transient binding of short fluorescently labeled oligonucleotides (DNDNA-PAINTINTINT,
a variation of point accumulation for imaging in nanoscale topography) for simple and easy-to-
implement multiplexed super-resolution imaging that achieves sub-10-nm spatial resolution in vitro
on synthetic DNA structures. We also report a multiplexing approach (Exchange-PAINTINTINT)
that allows sequential imaging of multiple targets using only a single dye and a single laser source.
We experimentally demonstrate ten-color super-resolution imaging in vitro on synthetic DNDNA
structures as well as four-color two-dimensional (2D) imaging and three-color 3D imaging of pro-
teins in fixed cells.

5.3 Software Efforts in Kinetic Self-Assembly

5.3.1 DyNAMIiC Workbench: An Integrated Development Environment for Dynamic DNA
Nanotechnology

DynamicDNAnanotechnology provides a promising avenue for implementing sophisticated assem-
bly processes, mechanical behaviours, sensing and computation at the nanoscale. However, design
of these systems is complex and error-prone, because the need to control the kinetic pathway of a
system greatly increases the number of design constraints and possible failure modes for the sys-
tem. Previous tools have automated some parts of the design workflow, but an integrated solution
is lacking. Here, we present software implementing a three OtierO design process: a high-level
visual programming language is used to describe systems, a molecular compiler builds a DNA im-
plementation and nucleotide sequences are generated and optimized. Additionally, our software
includes tools for analysing and OdebuggingO the designs in silico, and for importing/exporting de-
signs to other commonly used software systems. The software we present is built on many existing
pieces of software, but is integrated into a single packageNaccessible using a Web-based interface
at http://molecular-systems.net/workbench. We hope that the deep integration between tools and the
flexibility of this design process will lead to better experimental results, fewer experimental design
iterations and the development of more complex DNA nanosystems.

6 Major problems/issues (if any)

None.
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under diverse and biocompatible conditions. Nano Letters 13(9): 4242-8 (2013)

Non-refereed journal article

Workshops and conferences

7th international symposium on Bioanalysis, Biomedical Engineering and Nanotechnology
(ISBBN 2016), Changsha, China, May 27th, 2016.

. 3rd Materials Beyond Symposium, Shanghai, China, May 26th, 2016.

. Worcester annual nanotech symposium (NanoWorcester), Worecester, MA, Apr. 14th, 2016.

Workshop on 10 years of DNA origami, Pasadena, CA, March 14th, 2016.

5. Biophysical Society 60th Annual Meeting, Los Angeles, CA, Feb. 27th, 2016.

e B

Department of Bioengineering, Rice University, Houston, TX, Feb. 9th, 2016.

Amgen, Inc., Cambridge, MA, Nov. 10th, 2015.

8. Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, CA, Nov. 3rd, 2015.

10.

11;

12.
13.
14.
15.

. Tenth International Meeting of Institute for Translational Medicine and Therapeutics at Penn,

Pennsylvania, PA, Oct. 11th, 2015.

Physical Sciences Symposia-2015 on Quantum Science Symposium and Crystal/Graphene
Science Symposium, Cambridge, MA, Sep. 22, 2015

2nd ACM International Conference on Nanoscale Computing and Communication, Boston,
MA, Sep. 21st, 2015 [Keynote].

DARPA Workshop on Transient Materials, Arlington, VA, Sep. 2nd, 2015.
The Second Blavatnik Science Symposium, New York City, NY, Aug. 6th, 2015.
The Eleventh International Fab Lab Conference (Fabl1), Boston, MA, Aug. 5th, 2015.

The Third Annual Workshop on Micro- and Nanotechnologies in Medicine, Cambridge, MA,
July 28th, 2015.
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16.

17
18.
19.
20.
21.
22
23.

24.
25.
26.
217.

28.

29,
30.
3.
3
35.
34.

35.
36.

37

38.

Gordon Conference on Nucleosides, Nucleotides and Oligonucleotides, Newport, RI, July 1st,
2015.

Gordon Conference on Synthetic Biology, Newry, ME, June 30th, 2015.

Albany 2015: The 19th Conversation, Albany, NY, June 11th, 2015.

ECI Conference on Photonics for Biology, Medicine and Surgery, Vail, CO, June, 7th, 2015.
1st Synthetic Biology Young Scholar Forum (SynBioYSF), Beijing, May 23rd, 2015 [Keynote].
College of Chemistry and Molecular Engineering, Beijing, May 22nd, 2015.

Yale Chemical Biology Symposium, New Haven, CT, May, 15th, 2015.

Department of Materials Science and Engineering, Northwestern University, Evanston, IL,
May 12, 2015

First Active Matter Summit, Cambridge, MA, Apr. 24, 2015.
Harvard Chinese Life Sciences Annual Research Symposium, Boston, MA, March 28, 2015.
SPIE Photonics West BiOS, San Francisco, CA, Feb. 7th, 2015 [Keynote].

Frontiers in Quantitative Biology Seminar Series, Stanford University, Stanford, CA, Jan 15th,
2015.

Joint seminar for the Graduate Programs in Bioengineering and Pharmaceutical Sciences and
Pharmacogenomics, UCSF, San Francisco, CA, Jan 13th, 2015.

Department of Pathology, Brigham and WomenOs Hospital, Boston, Dec. 16th, 2014.

IEEE EMBS Micro and Nanotechnology in Medicine Conference, Oahu, HI, Dec. 9th, 2014.
Sino-US Synthetic Biology Workshop, Tianjin, China, Dec. 6th, 2014.

School of Life Sciences, Tsinghua University, Beijing, China, Dec. 5th, 2014.

Biodynamic Optical Imaging Center, Peking University, Beijing, China, Dec. 5th, 2014.

Fall Symposium of the New England Society for Microscopy, Cambridge, MA, Nov. 20th,
2014.

Department of Physics, Columbia University, New York, NY, Nov. 10th, 2014.

Department of Materials Science and Engineering, Boise State University, Boise, ID, Nov.
7th, 2014.

Department of Chemical and Biomolecular Engineering, Lehigh University, Bethlehem, PA,
Oct. 29th, 2014.

Naval Research Laboratory, Washington, DC, Oct. 20th, 2014.
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30.

40.
41.

42.

43,

45.

46.

47.
48.

49.

50.
al.
S2:

53.
54,

55.

56.

57.
58.

Fourth U.S.-China Symposium on Nanobiology and Nanomedicine, Washington, DC, Oct.
17th, 2014.

Twenty Ninth Chinese Chemical Society Annual Conference, Beijing, China, Aug. 5th, 2014.
EITA-New Media and Bio, Cambridge, MA, July 31st, 2014.

Second Annual workshop on Micro- and Nanotechnologies in Medicine, Cambridge, MA,
July 31st, 2014.

SEED2014 (Synthetic Biology, Engineering, Evolution and Design), Manhattan Beach, CA,
July 14th, 2014 [Young Investigator Award Lecture].

. Blavatnik Science Symposium, New York City, NY, July 8th, 2014.

Seventh world congress on biomechanics (DNA mechanics and assembly session), Boston,
MA, July 6th, 2014.

Seventh world congress on biomechanics (Nucleic acid nanostructures session), Boston, MA,
July 6th, 2014.

BIO International Convention, San Diego, CA, June 25th, 2014.

International Workshop on DNA-Based Nanotechnology: Digital Chemistry (DNATEC14),
Dresden, Germany, May 5th, 2014.

Oncology Research Seminars, Koch Institute for Integrative Cancer Research, MIT, Cam-
bridge, MA, Apr. 28th, 2014.

Foundation of Nanosciences (FNANO2014), Snowbird, Apr. 16th, 2014.
Biological Imaging Meeting, Northwestern University, Evanston, March 28th, 2014.

National Academy of Sciences Frontiers of Engineering and Sciences Program, Rio de Jane-
rio, Brazil, March 17th, 2014.

Biophysics seminar, MIT, Cambridge, MA, Feb. 12th, 2014.

NSF Nanoscale Science and Engineering Grantees Conference: Current and Future Trends in
Nanotechnology and Environment and Nanomanufacturing, Arlington, VA, Dec. 6th, 2013.

The Nano Area of Advance at Chalmers University of Technology, Goteborg, Sweden, Nov.
28th, 2013.

Fourth International Congress on Biotechnology and Genomics, Monterrey, Mexico, Nov.
21st, 2013.

NIH Common Fund High-Risk High-Reward Symposium, Bethesda, MD, Nov. 18th, 2013.

Department of Chemistry and Biotechnology, Tokyo University, Tokyo, Japan, Oct. 30th,
2013.
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59,
60.
61.
62.

63.

64.

65.
66.
67.
68.

69.
70.

94

Annual Meeting of Chem-Bio Informatics Society, Tokyo, Japan, Oct. 30th, 2013.
Department of Chemistry, Kyoto University, Kyoto, Japan, Oct. 29th, 2013.
Annual Meeting of the Biophysical Society of Japan, Kyoto, Japan, Oct. 29th, 2013.

U.S. Army Research Office Workshop: Challenges and Opportunities in Nanomanufacturing,
Raleigh, NC, Oct. 1st, 2013.

International Conference on DNA Computing and Molecular Programming, Tempe, Sep.
27th, 2013.

Symposium on Advanced Nano/Biosystems: Design, Fabrication, and Characterization, Uni-
versity of Illinois at Urbana-Champaign, Urbana, IL, Sep. 25th, 2013.

The Ninth International Fab Lab Conference, Yokohama, Japan, Aug. 21st, 2013.
NSF Workshop on BioMEMS and Tissue Engineering, Cambridge, July 30th, 2013.
NSF Workshop: Advanced Biomanufacturing, Arlington, VA. July 14, 2013.

The Sixth International Meeting on Synthetic Biology (SB 6.0), London, England, July 10th,
2013

Sino-US Synthetic Biology Workshop, Tianjin, China, June 21st, 2013
Fourth International Wyss Symposium: Nanotherapeutics and Diagnostics, Boston, June 6th,

2013

Patents

Yin, Peng; Jungmann, Ralf; Dai, Mingjie; Avendano, Maier; Wohrstein, Johannes. Quantita-
tive DNA-Based Super-Resolution Imaging US 14/908,333. Pending

Yin, Peng; Sun, Wei; Shen, Jie. Using DNA Nano Structure as Reactive Ion Etching Mask for
Nanoelectronics Fabrication PCT/US15/32198. Pending

Yin, Peng; Agasti, Sarit; Chen, Xi; Jungmann, Ralf. High Throughput and Highly Multiplexed
Imaging with Programmable DNA Probe US 15/108,911. Pending

Yin, Peng; Han, Dongran; Myhrvold, Cameron. Single-Stranded DNA Nanostructures PCT/US16/20893.

Pending
Yin, Peng; Chen, Xi; Schaus, Thomas. Microscope-Free Imaging PCT/US16/15503. Pending

Yin, Peng; Agasti, Sarit; Gopalkrishnan, Nikhil; Yaghi, Omar Target Detection Using Barcode
Conjugates and Nucleic Acid Nanoarrays 62/264,821. Pending

Yin, Peng; Chen, Xi; Zhang, Mengmeng. Nucleic Acid Retro-Activated Primers PCT/US16/25480.

Pending
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9.5

Yin, Peng; Silverberg, Jesse. Molecular Atlas Project - Software and Netware. Disclosure

Yin,Peng; Gutierrez, Juanita Maira Lara; Amado, Maier S. Avendano. Proximity PAINT:
DNA-Based Super Resolution Imaging of Protein-Protein Interactions 62/202,327. Pending

Yin, Peng; Jungmann, Ralf; Wohrstein, Johannes. Kinetic Barcoding. Disclosure

Yin, Peng; Ong, Luvena; Simmel, Friedrich; Scheible, Max. Compact DNA Cubes. Disclo-
sure

Yin, Peng; Kim, Jongmin. Synthetic biological circuits for transient materials 62/213,217.
Pending

Yin, Peng; Kishi, Jocelyn; Schaus, Thomas; Xuan, Feng; Gopalkrishnan, Nikhil; Woo Sung-
wook. Primer exchange reactions (PER) 62/296,310; 62/299,206. Pending

Yin, Peng; Beliveau, Brian; Kishi, Jocelyn. Probe Miner: A rapid, genome-scale oligo FISH
probe discovery pipeline. Disclosure

Yin, Peng; Schaus, Thomas; Gopalkrishnan, Nikhil. Sequence design for efficient assembly
of nucleic acid structures 62/321,146. Pending

Yin, Peng; Xuan, Feng; Dai, Mingjie; Chen, Xi. Conditional Primer Extension for Single-
Molecule Protein Detection 62/342,401. Pending

Yin, Peng; Kishi, Jocelyn; Xuan, Feng. Primer Exchange Reactions (PER) for Isothermal
PCR 62/342,295. Pending

Awards/Honors

World Economic Forum Young Scientist Award, 2015 Press:https://agenda.weforum.org/
news/world-economic-forum-honours-its-2015-young-scientists-community-at-
annual-meeting-of-the-new-champions/

Blavatnik National Awards for Young Scientists, Finalist, 2015 Press:http://www.prnewswire.
com/news-releases/blavatnik-national-awards-for-young-scientists-announce-
2015-finalists-300087851.html

World Economic Forum Young Scientist Award, 2014 Press:http://www.weforum.org/news/
world-economic-forum-honours-its-2014-young-scientists-community-annualmeeting-
new-champions

Inaugural ACS Synthetic Biology Young Scientist Award, 2014 Press:http://wyss.harvard.
edu/viewpage/540/

Blavatnik National Awards for Young Scientists, Finalist, 2014 Press:http://blavatnikawards.
org/news/items/blavatnik-national-awards-announce-30-finalists/

NIH Transformative Research Award, 2013 Press:http://wyss.harvard.edu/viewPressrelease/
126/
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o NSF Expedition in Computing Award, 2013 Press:http://www.nsf.gov/news/news_summ.
jsp?cntn_1id=128886
10 Award participants
Military Personnel: N/A
Salary Support: Peng Yin, Nikhil Gopalkrishnan, Alexander Green, Dongran Han, Ralf Jungmann,

Jie Shen, Yonggang Ke, Feng Xuan, Luvena Ong, Mingjie Dai, Cameron Myhrvold, John Paul
Sadowski, Johannes Wohrstein, Maximilian Strauss, Juanita Lara and Anita Chandrahas.

11 Appendix

The relevant reprints, preprints and technical reports are included in this appendix.
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Kinetic Self-assembly of DNA Tiles and Bricks

Peng Yin, Harvard University

2016
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Nanoscope via Auto-cycling Proximity Recording. Submitted
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¢ Nikhil Gopalkrishnan, Thomas Schaus and Peng Yin. Eliminating Kinetic Barriers through
Sequence Design Allows Rapid Assembly of DNA Origami at Room Temperature. In preparation

¢« R.Jungmannt, M. S. Avendanot, M. Dai, J. B. Woehrstein, S. S. Agasti, Z. Feiger, A. Rodal and
P. Yin. Quantitative super-resolution imaging with gPAINT, Nature Methods, 13, 439-442 (2016)

e M. Dai, R. Jungmann and P. Yin. Optical imaging of individual biomolecules in densely packed
clusters. Nature Nanotechnology (2016).

2015

C. Grun, J. Werfel, D. Y. Zhang, and P. Yin. DyNAMIC Workbench: an integrated development
environment for'dynamic DNA nanotechnology. J. R. Soc. Interface. 12: 20150580 (2015)

2014

« K. Pardee, A.A. Green, T. Ferrante, E. Cameron, A. DaleyKeyser, P. Yin, and J.J. Collins.
Paper-based synthetic gene networks. Cell159:940-954

e A.A. Green, P.A. Silver, J.J. Collins, P. Yin. Toehold switches: de-novo-designed regulators of
gene expression. Cell 159: 925-939 (2014)
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¢ C. Myhrvold, M. Dai, P.A. Silver, P. Yin. Isothermal self-assembly of complex DNA structures
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A Biochemical Nanoscope via Auto-cycling Proximity Recording

Thomas E. Schaus™? Sungwook Woo'?? Feng Xuan'?*® Xi Chen'*? Peng Yin'?"

Wyss Institute for Biologically Inspired Engineering, Harvard University, Boston, MA 021151
Department of Systems Biology, Harvard Medical School, Boston, MA 021 152,
Authors contributed equally to this work®,

E-mail address*: py@hms.harvard.edu

Abstract. Analysis of the spatial arrangement of molecular features enables the engineering of synthetic nanostructures and the
understanding of natural ones. Microscopy methods can provide direct visualization of complex spatial features but typically require
sophisticated equipment with limited throughput. Here, we present a microscope-free “biochemical nanoscopy” method that records
sophisticated nanostructure features in situ for later readout. The method is based on a conceptually novel Auto-cycling Proximity
Recording (APR) mechanism, which continuously and repeatedly produces proximity records of any nearby pairs of DNA-barcoded
probes, at physiological temperature, without destroying the probes themselves. We demonstrate the proximity and auto-cycling
characteristics, and then apply the system as a biochemical nanoscope to accurately decode various spatial arrangements of 7 unique
probes in homogeneous test samples. We further demonstrate the ability of APR to re-sample the same dynamic system repeatedly.
Future development is expected to enable readout with massively parallel sequencing methods, creating a truly single-molecule
technique.



= A foundational tool for studying nanostructure
Spatial organization is fundamental to the function of syn-
= thetic!3 and biological®® nanostructures. The organization of
such nanostructures can be described as a set of pairwise prox-
imities between molecular components. Single-molecule meth-
ods to study proximity and organization must examine individ-
ual nanostructures with molecular-scale precision, and are foun-
- dational to advancing nanoscience.”
% Though limited to multiplexing a modest number of simul-
= taneous species, direct visualization by electron, atomic force,
» and optical microscopy have identified individual macromolec-
=+ ular associations in synthetic**'® and biological''™" systems,
- and achieve molecular resolution in controlled environments, '
« Resonance energy transfer (FRET) techniques further allow for
dynamic measurement of pairwise proximity in solution, '
: Complementary to the sophisticated microscopy platforms
=« are biochemical techniques that have long enabled molecular-
»« scale precision, but typically make only ensemble measurements
= of simple pairwise interactions. Techniques such as Yeast Two-
. Hybrid'"™" and related® assays, affinity purification / mass
- spectroscopy,”’ and Co-Immuno Precipitation®” are common in
» elucidating protein interaction networks, and are relatively eas-
o ily parallelized, executed, and even automated.

Barcoding with DNA has recently given biochemical tech-
niques the potential for enormous multiplexing. Proximity Lig-
ation (PLA)® or Extension Assays (PEA),2* which log the co-
localization of two probes by ligating or extending probe-bound
DNA sequences, now routinely multiplex ~100 signals with or-
thogonal sequences. The information content of DNA itself

« is much larger, however. There are 4" combinations of N

nucleotides, enabling 1 million-plex with only 10-nucleotide

< strings. The destructive nature of PLA and PEA. wherein only

. a single association can be measured for each probe pair, limits

the utility of unique barcoding in these methods; it is possible to

measure pairings uniquely, but not to connect those unique pairs
into large structures on the single molecule level.

Here, we present a novel biochemical interrogation technique,
= termed “Auto-cycling Proximity Recording” (APR), for the con-
= tinuous generation of molecular records of target proximity

(Fig. 1). In contrast to existing methods, proximity data are gen-
erated continuously and repeatedly, at tunable distances and un-
. der physiological conditions, by non-destructively copying pairs
of target-bound, DNA-barcoded probes into each new molecu-
lar record. APR thus allows for re-sampling of altered molec-
ular arrangement, a high signal-to-noise ratio, and the potential
for developing single molecule techniques. The resulting set of
proximity pairs represents a rich set of information from which
© lo reconstruct spatial organization, and allows us to demonstrate
a “biochemical nanoscope™ that decodes the complex spatial ar-
. rangements of 7 unique APR probes on a homogeneous test
sample. Like other DNA barcoded methods, APR is in principle
. compatible with massively-parallel sequencing readout. Future
« development will enable the APR nanoscope to be a truly single-
molecule technique, bridging microscopy’s capacity for analyz-
ing individual nanostructures with the molecular-scale precision
and broad applicability of biochemical techniques.

- The APR mechanism
The APR reaction proceeds in an autonomous, cyclic fash-

) &

&l L4
'wq—.& Jorobe ?&—pw
targets AR~
less clustered, labeled = ==
information  destructive repeated complete
per cluster sampling recording reconstruction

current molecular interrogation Auto-cyclic Proximity Recording

Figure 1: Concept. From a cluster of labeled targets (center), Auto-
cycling Proximity Recording (APR, right) generates repeated records
of any nearby probe pairs by copying sequences encoded in the probes.
This allows re-sampling of the same targets in different organization or,
in principle, full reconstruction of an individual cluster. In contrast, cur-
rent analysis techniques (left) provide limited macromolecular geome-
try information and typically destroy associations as they are measured,
precluding repeated sampling.

ion to convert soluble primers into molecular “records” of probe
pair proximity (Fig. 2a). DNA Hairpin probes P; and P; are
first attached to target molecules 7; and T} via antibodies, ap-
tamers, direct nucleic acid hybridization, or other means, and
encode the identity of the target type within unique primer bind-
ing sequences (labeled as sequence domains a; and a;). In step
(). the soluble primers (sequences a] and aj) stably bind their
respective hairpin probe type and are extended by a polymerase
through the spacer (s) and palindromic (p) domains up to the
“stopper” site, thereby producing “Half-records™ (a} — s* — p*
and aj — s* — p7). (i) Half-records are partially displaced by
spontaneously re-forming hairpin stems (s* —p* / p—s) and (iii)
bind any nearby Half-records at their 3" palindromic (p”) seg-
ments. (iv) These sequences are again extended, this time over
the partner spacer s and primer a” segments, effecting the re-
lease of soluble, double-stranded “Full-records™ that carry both
probe identities as sequences ¢ and a}. Probes, thus regener-
ated to their initial state, may undergo additional cycles in the
same or other pairings. Upon termination of this cyclic record-
ing reaction, a specific Full-record is tested for by sample PCR
amplification with the respective primer pair (a;, ;) and subse-
quent detection of Full-record copies by gel electrophoresis. In
this manner, for example, an isolated sample with PCR primers
for a; and a; would yield a positive result in the presence of
T;-T; proximity.

This cycle solves two main challenges in generating multi-
ple records between any nearby pairs: (1) a template sequence
(in this case, s* — p*) must be copied from the probe and then
spontaneously made single-stranded and available for further re-
action, and (2) in the context of probe proximity, pairs of copied
sequences must be combined into a single molecular record and
then released.

The first challenge is solved by a modified, DNA-based
“Copy-and-Release Hairpin™ (CRH) that enables the isother-
mal copy and release of an arbitrary sequence onto each primer
strand. The detailed mechanism is as follows (Fig. 2b): (i) DNA
primer strand a* — Iy — b" (i.e., of domains a® and b" with
intervening single T nucleotide linker ly) binds the 3" end of
the hairpin at primer binding domain a. (ii) The primer and
hairpin b* domains compete for short probe domain b. Primer
domain &* occasionally binds. despite the resulting single 7" nu-
cleotide I1 bulge, and is extended by a displacing polymerase
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Figure 2: Auto-cycling Proximity Recording (APR) mechanisms.
(a) The APR cycle creates molecular records of proximity from pairs
of hairpin probes. Probe-specific primers are (i) extended to “Half-
records” and (ii) reversibly displaced, (iii) bind palindromic domains
of nearby Half-records. and (iv) are extended on each other to create
and displace “Full-records.” regenerating the probes. See text for de-
tailed description and 51 Note 1 for other considerations. (b) Copy-and-
Release Hairpin (CRH) detail. Shown is the mechanism of (i) initial
primer binding, (ii) extension, and (iii) random walk of the strand dis-
placement branch. The hairpin template strand ¢ — b is computationally
predicted to pair predominantly with the hairpin stem complement (iii,
inset).

(here, Bst, New England Biolabs) through stem template domain
. t. When primer extension reaches a “stopper” modification near
. the loop (here, covalent linker triethylene glycol “Spacer 9, In-
tegrated DNA Technologies, opposite single T l), the poly-
merase dissociates. (iii) The new extension and the displaced
> hairpin stem, being identical in sequence (b* — t*), rapidly com-
. pete for stem template domains £ — b via the strand displace-
. ment mechanism® with millisecond transit times.***’ Com-
s puter models (NUPACK?®) predict that the stem template ¢ — b
is more likely to be bound to its stem-based complement than
- to the new primer extension (iii, plot, as well as SI Note 1), en-
; suring the Half-record is largely single-stranded and available
. for further reaction. In contrast, because sequence a” is longer
» than ~11 nt, the Half-record remains stably bound at the primer
binding site a until forcibly displaced by a polymerase.

The advance of this copy-and-release mechanism 1s not in
copying a new sequence, of course, but in autonomously dis-
placing that stably-bound sequence to reveal a single-stranded
product without external thermal or chemical influence. Simply

+» extending a primer on a single-stranded template. as in PCR,

(3]

would leave the product stably bound without external manipu-
lation, and therefore unavailable for further reaction. Here, tem-
plate strand ¢ —b is bound to a complementary hairpin competitor
strand b* — t*. The free energy released from dNTP additions,
in the presence of a displacing polymerase, allows the otherwise
unfavorable hairpin opening and template copying. Once the
polymerase is released at the stopper, the hairpin stem can close
again to displace the new strand.

The details of the CRH probe are important to optimal func-
tioning. The Spacer9 stopper modification, opposite an unpaired
“T™ (l4) to create a small internal loop adjacent to x, was cho-
sen empirically for its short. ~1 nt length and its ability to con-
sistently stop the polymerase in this context. Even at this short
length, however, the internal loop slows the ability of the hair-
pin competitor strand 4™ — ¢* to re-bind template strand t — b
and displace new sequence b* — t*. Thermodynamic calcula-
tions (NUPACK, see SI Fig. 1) and experimental evidence (not
shown) confirm that this leads to new strand extension b — ¢
preferentially binding template ¢ — b and unavailable for fur-
ther reaction. The unpaired nucleotide within the a* — Iy — b*
primer sequence was added to balance this preference (Fig. 2b,
ii), adding an even weaker bulge loop to the other end.? Fur-
thermore, to minimize secondary structure and prevent spuri-
ous binding and extension of the si