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Thermodynamically favourable computation

Typical molecular computers are thermodynamically
unfavourable (leak, errors, spurious nucleation, etc.)
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Scaffolded DNA Computer: strand-based model

A. Scaffolded DNA Computer
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B. Key design concepts for thermodynamically favoured computation

strands compete for scaffold domain l ! !
_ _ (1) algorithmic error = error correction
strand Q ! ! strand binds with error by displacement (enthalpic gain) displace
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(2) strands in excess over scaffold (3) weak strand-strand binding '~
— scaffold gets covered

— no off-scaffold structures




Scaffolded DNA Computer example: Bit-Copy
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Secondary structure

Single stranded DNA

NP — Hard

C
B G
AG % A
C G
A T C
Dirksetal.2007 T A~ C
N e pseudoknot-free
A A
C C .. A
> Gt R C
T C
5,G CG .
G C A A
A G C
3 L TgT VG K
T G — el
"C arta G Dirks et al. 2007
A C
AT
Secondary structure Polymer graph representation
[
d
d pseudoknotted

e

Dirks et al. 2007

e

Dirks et al. 2007



Energy models, Minimum Free Energy and Partition Function

Single stranded system

Hairpin loop
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DOMAIN BASED ensemble of secondary structures for Scaffolded DNA Computer
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Scaffolded DNA Computer
configuration

Scaffolded DNA Computer
configuration space
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How many different configurations we will have?  (Exponential in the # of scaffold domains)
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DOMAIN BASED energy model for the Scaffolded DNA Computer

Middle domain binding term Toehold domain matching term Entropic cost term
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Computational complexity of Minimum Free Energy and the Partition Function

Input Type _ Partition Function

Single Strand 0(n3) 0(n3) McCasklll
Multiple Strands, Bounded (< s) ? 0(n3)(s — 1)!
Multiple Strands, Unbounded NP — Complete ?

n bases, s strands

GOAL At equilibrium
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Is there recursive way to build
these classes?
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each class of higher layers
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Can we use this recursive construction to propagate information through this hierarchy?

1 - Propagate information from only the previous layer (toehold matching possibility).

Class (), Domain 2 {,,s Domain3
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Can we use this recursive construction to propagate information through this hierarchy ?

2 - Propagate information from all other prior layers (No toehold matching possibility).

Class {, Domain 1 % (,,c Domain 3
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Middle domain binding
and the entropic cost
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» Theorem 2. There is an

for a 1D SDC of length N w
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Kinetic model for Scaffolded DNA computer

The kinetic model for Scaffolded DNA Computer is a continuous-time Markov chain (CTMC) that satisfies detailed balance.
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* Understanding system kinetics.

* Ability to propose some ideas that may help in speeding up the system. ,



Possible kinetic scenario with the Scaffolded DNA computer
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Proposal 1: Covers

3 3 =2

Scaffold with covers (here at the second, third, fourth, and sixth scaffold domains)

100 simulations: 40 C covers
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Proposal 2: Monotonically increasing competing strands concentrations along the scaffold

Lower concentration
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Concentration trick experiment [LATE INPUT] with concentrations [1x, 1x, 3x, 5x]
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Conclusions

* Our polynomial time algorithms for MFE and Partition Function give some evidence that Scaffolded DNA Computer
is thermodynamically favourable.

* The Scaffolded DNA Computer kinetic simulator confirms our intuition about the tricks that we think it will speed up

the system.
GOAL In progress

* Understanding system kinetics.

o Our prEI|m|nary expenments are pr0m|5|ng W|th respect tO the propOSEd tr|CkS * Ability to propose some ideas that may help in speeding up the system.

Future Work

e Extending the work to the 2D case of "Algorithmic DNA Origami".

e Experimentally testing our tricks with bigger systems.

* Looking for other fast thermodynamic prediction algorithms for other engineered multistranded and/or
pseudoknotted systems?
= DNA strand displacement circuits
= DNA tile-based self-assembly systems
= DNA origami systems 24
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