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Genetic code
pbehaves as a program

For instance, small changes in the code
imply big differences
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However we can try

differently

Iale

do




Using DNA to create shapes,
Ned Seeman (1990-




Using DNA to create shapes,
Ned Seeman (1990-

Create complementary strands
iInducing particular shapes



A tour of
achlievements



Why do we want to use nucleic acids to build
structures, motors and circuits?
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First structures

Seeman, J. Theor. Biol. 1982
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First structures
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Meshes
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Larger elementary
Structures
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Going 3D
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Mastering angles
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Complex 3D structures
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Building logic

Yurke et al, Nature 2000
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Active devices - o o
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Active devices
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Reactive devices
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Logical gates

biochemical
circuits
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devices
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Logical gates

biochemical
circuits
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Boolean circults

biochemical
circuits

nanomechanical
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Boolean circults

biochemical
circuits
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devices
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Interacting with biomolecules

fundamental architectures
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Interacting with biomolecules

fundamental architectures
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Organize nanoparticles

fundamental architectures
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Engineer synthesis
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Sensors /% o
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Delivery devices

fundamental architectures

biochemical
circuits

nanomechanical
devices

self-assembly of
nanostructures

NKLPTK7++  Ramos

N\

HLA-A/B/C

3 5
o 10 10 10 10

CD20

Douglas et al, Science 2012

-

(create ) ( sense h target
an assembly line pH conditions delivery

kof molecules ) Uin living organisms ] | to cells y

rstudy ) ( determine ) [ : h rengineer h

: : organize : :

DNA-protein protein - biosynthesis
interactions structures nanoparticies pathways

\_ J U J U J U J

red |'W0r|d d ppl IcatlonSS//des by Lulu Quian (2016)




lmaging devices

fundamental architectures

biochemical
circuits

nanomechanical
devices

self-assembly of
nanostructures

H1 \= Metastable

Fluorescent
in situ HCR

hairpins

and wash - “"H2
Vi
——

mRNA target

L L]
[ ] ° °
L] ° L]
H2

A
NS, /7 Tethered
HA “Ho fluorescent
e/ amplification
) - ' polymers

: 50um
fimage Zebrafish embryo —
MmRNA . .
_expression Choi et al, Nat. Biotech. 2010
(create ) ( sense h rtarget h
an assembly line pH conditions delivery
Lof molecules ) Uin living organisms | { to cells y
(study ) ( determine ) ror nize h (engineer h
DNA-protein protein 5 : biosynthesis
interactions structures nanoparticles athways
4 JAN JAN AL S

red I-WOrld d ppl IcatlonSS//des by Lulu Quian (2016)




. ogic-based sensor
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Towards programming languages

fundamental architectures
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Part |: Tile assembly



Erik Winfree (1998-):
A algorithmic self-assembly




Principle of DNA
algorithmic self-assembly

1. Thermal cycler

Hot / less hot cycles for exponential -2 Oqe-pot reaction
duplication of the DNA strands by Mixing z‘he'z‘//es at 90°C and letting
Polymerase Chain Reaction (PCR) the solution cool down to room

= the tiles % 2, 3., temperature for few hours
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Erik Winfree (1998-):
DNA algorithmic self-assembly
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Erik Winfree (1998-):
DNA algorithmic self-assembly
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Calculer =
Transformer I'information
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Triangles de Sierpinski

Regles de substitutions:
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Assembling a square
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Assembling a square




Assembling a square
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Building the Seed
Paul Rothemund (2001-): DNA Origami




Building the Seed
Paul Rothemund (2001-): DNA Origami
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Building the Seed
Paul Rothemund (2001-): DNA Origami

) |

nC> > >
BG---CCTTGGCG- - -GAGGGAGT - - -CTCGGCGG- - -TGGGAGTC- - -TTGGCGGT -
>
)
: < < <
WA---ACCTCCTG---TCAATGCT - - -GGCGGCGG---CTCTGGETG- - -GTGGTTCT -
: < <
| s-2m7f ) |
: > >
;.T———GACCATTA———TTCAAAAT———TGCCCCAG———TCACGGAA———CTCATTGT—
o > >
- s-3m8e ) ( s-1m8e )
e < < <
‘;% T---TGCTTCCG---GTCTGGTT---CGCTTTGA---AGCTCGAA---TTAAAACG-

< < <
s-2m9f ) |




How 1o control
the growth

,r\

--0:
\\




With a binary counter!
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Stopping the growth
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Algorithmic questions:

e Minimize the number of tiles?
* Minimize assembly time?

* |s there a universal set of tiles? (i.e. a programming
language)



Minimize the number of tiles

* Undecidable problem in general

* For the square, 5 tiles are enough and required:
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Minimizing
Assembly time

 Undécidable problem in general

e Squares can be assembled in optimal time: 2n-2
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An example:
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Assembling vs Tiling &
Cellular Automata

Facts

Irrevocability.
As obposed to (A the stateltile 0] @ cell eannot coange

Everything that can bind, may bind so be careful with signals self-ignition.

Guaranteeing an order.
Being sure of the predecessors of each cell to guarantee the global behavior

Only one “main signal” per coordinate.
Otherwise it is not possible to guarantee the predecessors

Some consequences

Filling tiles carry information and are not interchangeable.
As opposed to quiescent states in CA or “blank tiles” in tilings

There exists flows of information within the shape.
Signals cannot go against the flows but still have to intersect predictably
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Ordered Tilesystem

A tilesystem is ordered if for each production, the

bredecesors cells of each cell are independent of the
construction path.

Consequences




Example of an
ordered tile system
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Rank

Rank.
The rank of a site (ij) In a given shape Is the length of its
longest chain of dependancies from the seed.




Time model

Poisson Markov Chain Model.
Eachiille appears ot eaen Unecelpled s
ng to some Polisson process at a rate

accord




Time & order

Theorem. [Adleman et al, 2001 ]
e expected e 1o billd a shape B s




Real time

Lower bounding the construction time.
Given that tiles are placed one next to the others, ||P]]: Is a

lower bound on the highest rank of a site of a shape P.

construction.

- Real time




Skeleton

understanding the flow of information

Skeleton. [he skeleton of a shape in an ordered tile system is
the set of the sites with at most one predecesor.
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Lower bounding
the rank

Let (i, @)i=o and (b

j)ji=0 be the x- and y-skeletons

Since the x- and y-skeletons sites are the first tiled on eac
column and each row respectively, then for each site (1,)):




Where should be
the skeleton?

the x-skeleton cannot go above n/2

the y-skeleton cannot go to the right of n/2
A




Rank function induced
by the skeleton

The skeletona; = (i, |i/2]) abd = (|7/2],7)

The rank induced:
cank(u) = mas{llallh 4 = aalla 1ballg o i = ballo)

. y-skeleton

Fatuk(i ) |

on-time zone

rank(i, j) = i + j x=-skeleton

rank(i, j) =i+ 2[i/2] — 7 > ||, 4|1

>




Order induced by
the skeleton
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E:l Key to construct the
tileset:

|) being able to guess the
types of Its successors
- from its own predecesors
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The resulting tileset
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The resulting tileset
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Running the tileset
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Running the tileset
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Running the tileset
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Running the tileset
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Running the tileset

P B B <
P D D P I D3PS
PRI =Eﬂﬂ
PP Rpl] | <PRPRPEPR
D D D I T o B B D £
PP S
B B L PR B P P PP
B B PRD S PP
EME%EEEEE
] ] ] ] K ]

i

D Bl DD X




Running the tileset
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Running the tileset
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Running the tileset
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Running the tileset
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Assembling cubes




The skeleton &
its rank function

The skeleton. -skeleton
a; = (5, |4/2], |i/2]) ,

' o | S ; -skeleton
b; = (13/21,3: 13/2)) P AP
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The rank function induced.
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rank(u) = max Dol B




Variations of the
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Time optimal cube assembly




Time optimal cube assembly




