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Things that build themselves
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Hierarchy of abstractions

=) B{S: Boolean circuits compute
Tiles: Tile growth implements circuits
DNA: DNA strands implement tiles
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Harmonious arrangement

a.k.a. sorting
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Odd bits a.k.a. parity
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Circult model
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gate
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Circult model

truth table

I, 1,|0; O,
000

011

i 7. 101

gate 1 1 O

gate: function with two input bitg,,i,
andtwo output bitso,,0,

9/48



Circult model

truth table

i\ i,

0, O,

00
01
7. 10
gate 1 1

gate: function with two input bitg,,i,
andtwo output bitso,,0,

O O

1 0
1 0
01

9/48



Circult model

l1

10/48



Circult model

l1

10/48



Circult model

l1




Circult model

l1

el
7 rows in layer

N

\ .1/
O
O,

Y J
.

/

v
one layer



Circult model

l1

el
7 rows in layer

N

|
1 0,

\ .1/
0,
O,

_
e
one layer

J i2 0>

10/48



Circult model
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Circult model
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Circuit model
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Deterministic circuits
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Deterministic circuits
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Deterministic circuits
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Randomized circuits
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Randomized circuits
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Randomized circuits
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Hierarchy of abstractions

Bits: Boolean circuits compute
=) Tlles: Tile growth implements circuits
DNA: DNA strands implement tiles
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How tiles compute while growing
(algorithmic sethssembly)
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Hierarchy of abstractions

Bits: Boolean circuits compute
Tiles: Tile growth implements circuits
=) DNA: DNA strands implement tiles
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Structural DNA nanotechnology

a.k.a.DNA carpentry
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DNA as a building material

Base pairs [ <

Adenine Thymine
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Sugar phosphate
backbone
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DNA as a building material
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U.S. National Library of Medicine
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DNA as a building material
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DNA origami
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DNA origami
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DNA origami
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DNA origami
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DNA nanotechnology applications

nonbiological

A nanoscale resolution surface placement
A Xray crystallization scaffolding

A molecular motors

A superresolution imaging

A molecular circuits

biologicat

A smart drugs

A mRNA detection

A cell surface marker detection
A genetically encoded structures



DNA nanotechnology applications
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: awn Douglasdo Bachelet, George Church.logicgated nanorobo
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DNA nanotechnology applications

nonbiological

A art

Ashwin Gopinath, Evan Miyazono, Andtaraon PaulRothemundEngineering and GrigoryTikhomiroy Philip Petersen, and Lulu Qi&mactal assembly of
mapping nanocavity emission via precision placement of DNA oritytuire 2016 micrometrescale DNA origami arrays with arbitrary patterNature2017.
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A little proposal 100 nm

Beth Yim
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DNA singlstranded tiles

Domain 4 Domain 3

Domain1 Domain 2 us1 | U52 | uss | U54|

/@M U6.3 | U6.4 |£53
aSSGmb|y> QPILLIILIE TR LT TR Y LR LT

L6.1 L6.2 L6.3 L6.4

glue 4 glue 3

glue 1 glue 2

Yin,Hariadj Sahy Choi, Parl,.aBeanandReif
Programming DNA tube circumferences
Science2008
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Singlestranded tiles for making any shape

- - - - oooooananoaaco ' Y 4 . RS
TLST SIS EEEEEmTmeer 'B{C D] B '
a7 ARNNaRREE

RN TV vix Lzl [T

l REHEEBCNBENEG
e R >+ |-+ [/ [([1]T[a
i = NESEEEREERE
s et R [P a[R Ry [¥Y]e
=wmms e ammemmeees PRI BEEEE
Bryan WeiMingjie Dai, and Peng Yin. nnnnEEm
Complex shapes sa&fsembled from singistranded DNA tiles — ~
Nature2012. 31/48



Uniguely addresseskeltassembly versusgorithmic
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Uniguely addresseskeltassembly versusgorithmic
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Unique addressing S| OK 5 b !

Algorithmic DNA tiles areeusedthroughout the structure.
single DNA origami array of many DNA origamis uniquelyaddressed tiles
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Singlestranded tile tubes

DNAlevel diagram of 2Melix tube

Yin,Hariadj Sahy Choi, Park,aBeanandReif Programming DNA tube circumferenc8sience2008.
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Seeded growth === =
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Implementing circuit gates
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34/48



Seeded growth === =

DNA origami seed

singlestranded tiles
Implementing circuit gates

0o, 1
0 4 1, 4 —
- T — 05 05
ﬁ
1 1 0 3
2 2
| | 0 A 0 4 —
T — 1 3 0 3
ﬁ
15 15
ﬁ
05 15

need barrier tonucleation
(tile growth without seed);
[tile]=100nM,;
temperature=50.9C

34/48



Seeded growth =—= =
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Seeded growth =—= =
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can later add streptavidin (5 nm
wide protein) to bind biotins and
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DNA sequence design

| I
i =/

e correct atta_tchment:
c—  — both domains match
! e —— X
| | m— :

it incorrect attachment.

| e— only onedomain matches

36/48



DNA seguence design

Random seguences VS designed sequences
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DNA sequence design

Random seguences VS designed sequences
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DNA seguence design

Random seguences VS designed sequences
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DNA sequence design

Random seguences VS designed sequences
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Barcoding origami seed for imaging
multiple samples at once

318 2518 32TI8 36018 018 42818

.~ ~ some staples of origami seed

018 TLIE 10318

16718 199,18

716 W05 116 136 1,
P T K 11615
- =X N B B e

T T L have version with a biotin

Wi oo o EE en wou AN SN oo
w0 WEH0 om0 [0 B0 BOSHO w00

[
T BEECE T BT B
17,8 2078 2398 ms 3038 358 I6T 8 - 4318 4658
wr e 7
b o6 (IS BEE  5w

#2075
ws Il e

A [0TA 12904

s [ s

10,1 21 1041 1361 1681 2004 2321 2641 2060 3W1 3601 3021 42,

816 4656

1652



Barcoding origami seed for imaging
multiple samples at once

308 TLIE 10318 13508 16718 19018 23

263,18 518 327,08 36018  S9L18 423,18

Dt -~ « Some staples of origami seed

s oo S0 Y & B o

i Sk o - have version with a biotin

W0 20700 [B0000 [2FIN0) [0510

woo (929 [ 269 280

06 906 11116 143,16

Bl s 27 s 20 08 465,8
R TR T
e 2076 206 [F06 [$08 s 4656
wos  igas [ 268 2sso
4 [OTA] B0M 24 84 2 4654
w3 wzs [ wes 2ss wos [ ms  aes
1652

10,1 720 1041 1360 1681 2000 2321 2641 2061 3281 3601 3021 4241

* pos3=u, coding staples, no biotin (14 staples)
16H barrel stap 2
12345678 9101112]

A

8 X X

¢ X

0 X X

E X X

F X X X X |

G X X X |

H [

pos3=u, coding staples, biotin (16 staples)

16H 3bit biotin staples unzippers2 + biotin_staples_2_3 |
1234567891811 12345678 9101112

A o 4 G 7 ) I

8 X X X|8 |

c x x| |

D X XD I

E X X E X |

F F X |

G G [}

H X H |
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Barcoding origami seed for imaging
multiple samples at once

some staples of origami seed
have version with a biotin

Generate
plate map

label with
streptavidin

I
12 |
|
|
I
|
}
I
|
I

represents some combination of

circuit and input, e.g.,
013 =a LJI NR 0 &

OANDdIA G AYyL
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Experimental protocol

a form of growth c d e
uncontrolled unseededseeded no
growth Jubes ~ tubes | growth
| n ] X"y
heating ' \ ~ } o~ x
(%]
% (no seeds) } - } /
§ coollng 1 hour 2 \ 1-2 days 1 day
no see S
: — | g = —
* seed algorithmic unzip, guards,
forms self-assembly deposit on mica,
[ L M 1 add streptavidin
40 50 60 SORTING
temperature (C) tiles & seed

To execute circujt on inputw™ {rip}°:
A Mix

38/48



Experimental protocol

a form of growth c d e
uncontrolled unseededseeded no
growth Jubes ~ tubes | growth
| n X"y
heating \ ~ } o~ x
(%]
% (no seeds) } - } /
§ coollng } 1 hour 2 \ 1-2 days 1 day
no see S
: — | | = —
* seed algorithmic unzip, guards,
\ forms self-assembly deposit on mica,
[ L M 1 add streptavidin
40 50 60 SORTING
temperature (C) tiles & seed
- . . \ ™ z,
To execute circujt on inputwN {Tip}":
A Mix

A origami seed (bacoded to identify andd)
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Experimental protocol

a form of growth d

uncontrolled unseededseeded no
growth Jubes ~ tubes | growth
1

X"y

heating

f\/ ¥x~
§ (no seeds) }\ﬁ, kk ~ /‘
g coollng 1 hour 2 \ 1-2 days 1 day
&| (no seeds)f; } » » »
c
* seed algorithmic unzip, guards,
! : \ forms self-assembly deposit on mica,
[ L M 1 add streptavidin
40 50 60 SORTING
temperature (C) tiles & seed
. . . \ ™~ Z
To execute circujt on inputwN {Tip}":

A Mix

A origami seed (bacoded to identify andd)
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Experimental protocol

a form of growth c d e
uncontrolled unseededseeded no
growth Jubes ~ tubes | growth
| n X"y
heating \ ~ } o~ x
(%]
% (no seeds) } - } /
§ coollng } 1 hour 2 \ 1-2 days 1 day
no see S
: — | | = —
* seed algorithmic unzip, guards,
\ forms self-assembly deposit on mica,
[ L M 1 add streptavidin
40 50 60 SORTING
temperature (C) tiles & seed
- . . \ ™ z,
To execute circujt on inputwN {Tip}":
A Mix

A origami seed (bacoded to identify andd)

A&l RIFLIGSNE af

L1
A tiles computing =
u 04 14
O 1 1 1 o o 1, O
5 5 5 5 3 3
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Experimental protocol

a form of growth c d e
uncontrolled unseededseeded no
growth Jubes ~ tubes | growth
| n X"y
heating i ~ } o~ x
(%]
% (no seeds) } - } /
° coollng 1 hour 2 \ 1-2 days 1 day
&| (no seeds) ? » » »
c
* seed algorithmic unzip, guards,
\ forms self-assembly deposit on mica,
[ L M 1 add streptavidin
40 50 60 SORTING
temperature (C) tiles & seed
- . . \ ™ z,
To execute circujt on inputwN {Tip}":

A Mix
A origami seed (bacoded to identify andd)

A&l RIFLIGSNE af

12 12
A tiles computing =
u 04 14
O 1 1 1 o o 1, O
5 5 5 5 3

A Anneal 90 C to 50.9C in 1 hourdrigami seeds fOI‘3I)1

A Hold at 50.9C for 12 days fjles grow tubes from se@d
A 1" RR dadzyT ALIISNE aidNIryRa oNBY2@S aSlky i
A 1 RR da3dzr NRé¢ &a0N}¥yRa 602YLX SYSyGa 27F 2dzi
A Deposit on mica, buffer wash, add streptavidin, AFM



def test parity ():
actual = parity('100101"

Results S T e P,

assertEquals (expected, actual)
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SORTING PARITY MULTIPLER3 PALINDROME

Is the number of 1’s odd?

h input: 000001, output: 100000

yes

yes

no

RECOGNISH AG-ZAG
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