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1-1. What is DNA Nanotechnology? (1)

DNA:
- Carrier of genetic information
in the form of sequence of 4 bases (ATGC)
- DNA —(transcription)-» RNA —(translation)— proteins

In DNA nanotechnology,

- DNA: non-biological functional molecule

- Various systems or structures are designed in nano scale
using DNA as engineering materials.

DNA compututer* DNA nanostructure

* Please also refer to
151114_LS_Keisuke_MASUDA_Information_containing_molecules



1-2. What is DNA Nanotechnology? (2)

G: guanine .
g : 3

o

- 2 antiparallel chains form 3
"double helix" structure.

- Adenine and Thymine / Guanine and :
are bounded to each other by hydrogen bonds -
complementarily.
— This base paring rule constrains the behavior of DNA 4



1-3. What is DNA Nanotechnology? (3)

General experimental procedure

ATAGATC...

3. DNA sequencing
(reaction in buffer)

el

1. DNA designing 2. DNA synthesis

Why is DNA suitable for material?

1. Programmable design information
- DNAs include design information (base sequence) in themselves.

= Information is equivalent to products.

2. Unnecessity of processing devices (other than DNA synthesizer)
- Nowadays DNA is easily available, provided by DNA synthesis service.

3. High processing accuracy
- DNA chains hybridize or self-assemble according to design information.
- Functional expression requires specific sequence design to avoid undesired hybridization

- technical development of calculation
— Various fields on science have been supplying research projects



1-4. DNA Nanostructure (1) - Junction -

Crossover junction by Seeman"
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T-junction by Hamada and Murata?

Various DNA tiles
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1) (@) Seeman, N. C. J. Theor. Biol. 1982, 99, 237. (b) Fu, T.-J.; Seeman, N. C. Biochemistry 1993, 32, 3211. 5
2) Hamada, S.; Murata, S. Angew. Chem. Int. Ed. 2009, 48, 6820.



1-5. DNA Nanostructure (2) - DNA Origami -

DNA origami by Rothemund”

long single-stranded chain
+ many short staple-strands

Example of application:

unlock DNA aptamer
by target molecules

Douglas invented a drag-delivering nanorobot
using DNA origami as a body material.?

1) Rothemund, P. W. K. Nature 2006, 440, 297.
2) Douglas, S. M.; Bachelet, I.; Church, C. M. Science 2012, 335, 831.
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2-1. Dawn of DNA-based Computing

The first study on data processing by DNA

%\‘ (), TATCGGATCGGTATATCCGA
3

0. GCTATTCGAGCTTAAAGCTA

o GGCTAGGTACCAGCATGCTT

0, = GTATATCCGAGCTATTCGAG

1] B 0, , CTTAMAAGCTAGGCTAGGTAC
0_. CEGATAAGCTCGAATTTCGAT
-+ 5 'r'-)_'—ﬁ ”‘ ol
GTﬂTITCCGﬁGCTﬁTTCGﬁGLCTTMGCTm TAGGTAC
Q. Does this directed graph i e
have Hamiltonian path? 0, Leonard Adleman:
inventor of RSA
- If yes,
DNAo_1 DNA12 |y L DNAsoe All DNAs would
DNA, DNA, DNAg be bound straight.
- If no,
DNA,_,1 DNA;_,» All DNAs would not
DNA, DNA, be bound straight.

Adleman, L. M. Science 1994, 266, 1021. 9



2-2. Development of DNA-based Computing

Adleman’s DNA computer,
- would need the more DNAs, the more information was processed.
- could not process multi-step calculation.

Autonomous DNA computer for multi-step calculation
- Finite automaton using Class llIs restriction enzyme g
- "Whiplash PCR": a chain reaction using DNA polymerase ?

- Logic gate using E6 DNAzyme ?
e.g. ANDNOT (AA—-B) gate
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A 5 - . .
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1) Benenson, Y.; Paz-Elizur, T.; Adar, R.; Keinan, E.; Livneh, Z.; Shapiro, E. Nature 2001, 414, 430.

2) Sakamoto, K.; Kiga, D.; Komiya, K.; Gouzu, H.; Yokoyama, S.; lkeda, S.; Sugiyama, H.; Hagiya, M.
Biosynthesis 1999, 52, 81.

3) Stojanovic, M. N.; Mitchell, E. T.; Stefanovic, D. J. Am. Chem. Soc. 2002, 124, 3555.
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2-3. Prof. Erik Winfree

career:

1991 B.S. @University of Chicago

1991-92 working with Stephen Wolfram and Matthew Cook

1992-94 Graduate student @Caltech
(Prof. Al Barr)

1998 Ph.D in Computation and Neural Systems program @Caltech
(Prof. John Hopfield)

1998-99 P. D. study on molecular biology @Princeton University
(Prof. LewisThomas)

2000- Assistant professo @Caltech

2006- Associate professor @Caltech

2010- Professor @Caltech

~—1 Research Projects: N

- DNA computation: Enzyme-free DNA logic gates (— section 2)
- DNA nanotechnology: Algorithmic self-assembly using DNA tiles (— section 3)
- Molecular Programming:

Self-replicating molecular systems, evolution, and the origin of life
\. y,

11



2-4. Enzyme-Free DNA Logic Circuits (1)

AND gate
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Seelig, G.; Soloveichik, D.; Zhang, D. Y.; Winfree, E. Science 2006, 374, 1585.
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2-5. Enzyme-Free DNA Logic Circuits (2)

OR gate
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input 2
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Seelig, G.; Soloveichik, D.; Zhang, D. Y.; Winfree, E. Science 2006, 374, 1585.
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3-1. “Algorithmic” Self-Assembly

Self-assembly of one type of motif

e.g. T-motif by Murata®

0o £ mEEEE |-

Resultant structure: homogeneous lattices
— A tile is bound to a tile of the same structure

Algorithmic self-assembly of motifs

.O -~ asoompy 1 HE ] EE I [] .
....... > ECIEC] o ][]
® O o O] O

The resultant tile pattern changes
depending on the assembling rule

1) Hamada, S.; Murata, S. Angew. Chem. Int. Ed. 2009, 48, 6820.



3-2. Previous Work: DNA Sierpinski Triangles (1)

Sierpinski Triangles:

t=2:
fractale which contains
infinitely repeated equilateral triangle t=1:---
o --° t = 0

implemented
by DNA tiles

0
=
2
* 4 tiles function as =
XOR gate.

XOR z

—L—Lolol:b m >
=1 O] —| | T}
1N

Rothemund, P. W. K.: Papadakis, N.: Winfree, E. PLos Biol. 2004, 2, 2041. 16



3-3. Previous Work: DNA Sierpinski Triangles (2)

Desired pattern was successfully obtained.

Error rates: 1%~10%

- controlling temperature and concentration

- tile design

- a floppy and slowly straightening nucleating structure

Rothemund, P. W. K.; Papadakis, N.; Winfree, E. PLos Biol. 2004, 2, 2041.

17



3-4. “Reprogrammable” and Single-Stranded Tile

Sierpinski Triangles consist DX tiles
- DAO tile and DAE tile
- consisting four strands of DNA
— difficult for tile systems to scale up (necessary for reproarammable tile system)

e
-r-

36 nt, 12.6 nm 47 nt, 16.0 nm

GCCTTTTAA ACTACACTG
Single-Stranded tile (SST) for scaling up TTf
- instead of DX or tripple-crossover tiles

TAG AACTCCA AAGT CCGAAT

— However, there are substantial challenges in terms of SST using.

= SST is much more floppy than DX or TX tiles and would be effected by undesired interactions.
- Tile-attachment errors
- Disordered spurious nucleation
- binding to itself

Winfree, E.; Liu, F.; Wenzler, L. A.; Seeman, N. C. Nature 1998, 394, 539.
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3-5. Approaches toward Reducing Errors

Proofreading tile”

S

0+0=0 0+1=1 1+0=1 1+1=0

AL R LRt
<i?> ®@® <:>®€> ®0<‘3>

DNA tile devided into NxN
(e.g. 2x2)

One tile error requires

two times of continuous

tile mismaches

— Tile binding would be
more specifically.

Fixed-width ribbon using DNA origami seed ?

Boundary tiles keep the width of the ribbon.
— enabling quantitative evaluation of error rates

One period

Seven rows

15 analysis of 14 ribbons

I.I’I.I. NN REER

Qrigami seed

-
=

error rate (%)

[
S

102 tiles, 0.98% 406 tiles, 0.25% |]]| . i
i ,?
Seed structure was made by DNA origami. ! ]ITI ‘
— more rigid than the single-stranded scaffold strands o Df"*'ﬂjﬁfi SN
— exellent control over arbitrary nucleation bit patterns row number
1) Winfree, E.; Bekbolatov, R. DNA Computing. 2003, 126. 19

2) Fujibayashi, K.; Hariadi, R.; Park, S. H.; Winfree, E.; Murata, S. Nano Lett. 2007, 8, 1791.



3-6. Conception of Algorithm Design

a Iterated Boolean circuits

Layer for MuLTiPLEOF3:
an example IBC

w1’

wi

Gate 2 truth table

Ilterated circuit computation

9

e
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MuLTiPLEOF3
LA input: 000011 =3,

Output:100001 = yes
0

1
@ [ input

Qeeeo B[] Computed

b Abstract tiles

One abstract tile
compiled into four
proofreading tiles

?
&

One gate compiled into four abstract tiles

~Abstract tile se[f-assembly

' Ih]‘drfnation-bearinggs‘ée'\dm

6:'bit input

Growing square tile lattice

€ Domain-level single-stranded tiles
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Growing SST lattice

6:"bit input-adapters
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3-7. Design of Circuits and Logic Gates
(e.g. MULTIPLEOF3 circuit)

Iterated circuit computation

%)

¢ "-1(‘-'

).

¥

MuLTiPLEQF3
AL Input: 000011 =3,
Output: 100001 = yes

0

GALY

’
.D Input
Qeeo B[] Computed

1. 6-bit 1-layer Iterated Boolean Circuit was chosen
for molecular implementation.

2. One layer contains five logic gates.

3. Each gate was compiled into four abstract tiles.
(further devided into 2x2 proofreading tiles)

wi’ wi

w1l w2l w1l w2
0O 0|0 1
O 111 0
1 0|1 O
1 110 0O
2 Gate 2 truth table

One abstract tile

proofreading tiles

&
&

compiled into four

— Gate 2 compiled into four tiles

Woods, D.; Doty, D.; Myhrvold, C.; Hui, J.; Zhou, F.; Yin, P.; Winfree, E. Nature 2019, 567, 366.
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3-8. Design of Each Single-Stranded Tile

4
4. One proofreading tile was compiled into
one single-stranded tile (SST).

Oy Twia _ R

@ 01— =15 e 5. SSTs were divided into four distinct
@ @ r s = —— binding domains, and 42(10+11+11+10)-base

@ 7 E— [ — DNA sequances were designed.

Twar O * Thymine bases placed on proofreading

blocks were biotin-modified for analysis.
5 — TXGCCTTTTAA PACKEISr | 6 Designed SSTs would self-assemble.
T y— TAGARCTCCA AAGDRCGARD
SST self-assembly

6 A— .

DNA origami 6-bit Algorithmic self-assembly
seed input executes circuit computation

Information-bearing seed

A o |
6-bit input-adapters Growing SST lattice

Woods, D.; Doty, D.; Myhrvold, C.; Hui, J.; Zhou, F.; Yin, P.; Winfree, E. Nature 2019, 567, 366.



3-9. Experimental Protocol

Experimental protocol (e.g. SORTING circuit)

TN | Select roughly 100
|/ | tiles per circui

R MuLTipLEOF3 ? Jr
] ] (I ()1 Tiles U 1 hour }2

SORTING q ? 2 _ : -
. PARITY Seed ) Seed Algorithmic Unzip, guards,
VUV WY . Input \ forms self-assembly deposit on mica,
Library of 355 DNA tiles : 000011 ! add streptavidin
SORTING !
seeds: 1 nM tiesandseed |

tiles: 100 nM ' .
(per tile type) cooled from 90 °C to 50.7 or 50.8 °C (1 °C/minute)

— removing the seam strands
and opening up nanotubes

- Unzip = adding unzipping strands (\ @

- Guards = adding guard strands
— shutting down the assembly
by inactivating any remaining tiles in solution

- Streptavidin binds to biotin which modifies "1" bits in tiles.
* Input adaptor strands did have biotin modifications.

Woods, D.: Doty, D.: Myhrvold, C.: Hui. J.: Zhou. F.: Yin, P.: Winfree, E. Nature 2019, 567, 366. 23



3-10. Final Analysis by Atomic Force Microscope

The Atomic Force Microscope (AFM)

AFM measures atomic force by detecting the motion of the cantilever
- In observation of DNA nanostructure,
"tapping mode" is most frequently adopted.

e

Analysis by AFM

green arrows: nanotubes with correct growth
white arrows: failed to grow nanotube (63.3% of 1,299 analyzed)

blue arrows: failed to unzip and could not be read

red arrows: logical errors
— Tile-attachment error rate was estimated to be 0.03%
(counted 77 errors/estimated 269,028 attachments)

Woods, D.: Doty, D.: Myhrvold, C.: Hui. J.: Zhou. F.: Yin, P.: Winfree, E. Nature 2019, 567, 366. 24



3-11. Randomized Algorithm Using Self-Assembly

MuLTiPLEOF3 Is the input binary number a multiple of 3? L . .
e FaRCOIN Unbiasing a biased coin
N\
Yes
' P‘:j 1 P T S -
*® ’w e i e
i No

. -~ o g " ] g
30 N 2 g 2 A

ile-attachment error rate 0.03%+0.002
Number of tiles attached 354,355 Probability(result = yes)

- = Theory
mmm Experiment

In addition to deterministic computation

MULTIPLEOF3 ®070M 03 05 07 09
e. . . . . . .
(e-g i )’_ 132 134 130 133 131
randomized computation* can be Bias P and barcode
implemented (e.g. FAlRCO'N**). Distance to yes/no result (nm)
300 ¢ Theory
] 200 ¢ Experiment
* Outputs of randomized gates change 100 \ W {
. : : Jnmlg . : : T
dep_endlng on the relative concentrations 01 03 05 07 09 b
of tile types. 132 134 130 133 131 Tile-attachment error rate 0.01%+0.001

** P = 0.1~0.9. so FAIRCOIN is biased coin Bias P and barcode Number of tiles attached 545,785

to be exact.

25

Woods, D.; Doty, D.; Myhrvold, C.; Hui, J.; Zhou, F.; Yin, P.; Winfree, E. Nature 2019, 567, 366.



3-12. Realized Algorithms by 6-bit IBC Tile Set

a ZI1G-ZAG Repeating pattern C REecoGNIse21 Does the binary input equal 21?

B2 ] o s g W A
e, ., ‘ e No
o o kR k) NO

Tile-attachment error rate 0.07%+0.003

Tile—attacment error rate 0.01%+0.001

b PaunbromE Is the input a palindrome? d Copy Copy input bits to the right

TR
2ied Ve
7
212 ™ . BRSO

3@ 3 it R R R R R R

):7 e “\ S o
O
Tile-attachment error rate 0.02%+0.002 Tile-attachment error rate 0.01%+0.004

Woods, D.; Doty, D.; Myhrvold, C.; Hui, J.; Zhou, F.; Yin, P.; Winfree, E. Nature 2019, 567, 366.
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Summary

- DNA can be freely degined and
construct various nanosystems/nanostructures by autonomous reaction

ATAGATC...

1. DNA designing 2. DNA synthesis 3. DNA sequencing
(reaction in buffer)

- Prof. Winfree accomplished to create a reprogrammable self-assembly system
containing 355 types of DNA tiles and implement 21 circuits.

Single pot mix
&V o~ o Self-assembly

~ experiment { o
—— ~—~-°" i U ~~ == 21 circuits
‘V Cj C/ . ' - - —\m-né e R C
- \ \l
e, = '--"tt‘_tf““i'i E@' ) O
e § : , DNA origami | '6-bit' | Algorithmic self-assembly
s \'\}7 seed input executes circuit computation
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Appendix



Determination of Reaction Temperature

Uncontrolled Unseeded Seeded No
growth tubes  tubes growth

Heating
(no seeds)

Cooling
(no seeds)

Number of nanotubes

40 50 60
Temperature (°C)

Woods, D.; Doty, D.; Myhrvold, C.; Hui, J.; Zhou, F.; Yin, P.; Winfree, E. Nature 2019, 567, 366.



