Reverse Engineering
DNA Origami Designs
from Sequence Lists

- Ben Shirt-Ediss
", NN . - .
~ . Donostia International Physics Centre (DIPC)
“ww | 24th October 2023
ol TR I e
Tt SR PR TR e ATl S e, 4



Traditional DNA Origami Design

Design File
Raw Published Sequences
, . , Scaffold

CTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACC

] GTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCT

] CCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCT
CGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATT

| AAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCG

CTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTT ] I
I ] CTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGT & P h yS I Ca I

CAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTA

| GTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGG Self-Assembl V'

TGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTT

| TTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGG

ACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGG

| GCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAAC

CACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGC

] GTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTG

AAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAA

| AAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCC
J | GCGCGTTGGCCGATTCATTAAT., . .

, L ' Staples

| | ! CCGTTGAATTAA

] GTCTGTCCATCACGCATAGCAATACTTCTTTGAACTCAAA

AGTAGAAGATTAGTAATAACATCAATCGGAAC

| CCTAAAGGTGCCGTAAAGCACTAACTTGCCTG

CGAGAAAGGAAGGGAAGCCACCGAGTAAAAGA

| CTATCGGCTGGATTATTTACATTGAGGGACAT

| AGAACCCTGCTCAATCGTCTGAAACTTGCTGGTAATATCC
| | AGAACAATATTACCGCATACCTACATTTTGACTCTGACCT
GTGGCACAAAAAACGCTCATGGAACAGCCATTGCAACAGG
CAAATATCTAGCCCTAAAACATCGAAGAATAC
GAAAGCGTCCATTAAAAATACCGACTAAAGCATCACCTTG
TAGTCTGGCTAT
GACAATATTTTTGAATTTAATGCGCGAACTGAAAACCCTC
GTAATAAAGCAGATTCACCAGTCAATAGGGTT




gh Quality Design Schematics: Often Not Publisheo

B2 GAGGCTTTTGCAAATACATAACGCCAAAAGGAATTACGGTCGAAATCCG F1  TGGCTTAGAGCTTAATTGCTGAATATAATGAAAATCAGGTCTTT
B3  CGACCTGCTCCAGCGATTATACCAAGGCTCCAAAA F2  ACCCTGACTATTATCTTATGCGATTTTAAGAACTGGCTCCCTTCATCAAG
B4 GGAGCCTTTGAATTGCGAATAATA F3  AGTAATCTTGACAAAGACTTTTTCATGGCCCACGC
B5  ATTTTTTCACGTTGACCTCAGAGCCGCCACCGTATAAACA F4  ATAACCGATAGACGTTAGTAAATGCTGAGTTTCGTC
B6  GTTAATGCCCCCTGCAGAACCGCCACCCTC F5  ACCAGTACAAACTTTGATATAAGTATAGCCCGG
B7 AGAGCCACCAAAGGAACAACTAAAGAATTGTATC F6  AATAGGTGTATCACCGTACTCAATAGGAACCCA
B8  GGTTTATCAACTAAAACACTCATCTTTGACCCCCATGTTACTTAG F7  TGTACCGTAACAAATTTTCTGTATGGGACAATGACA
B9 CCGGAACGAGGGGAATACCACATTCAACTAATGCAGAAGAAGTTTTGCC F8  ACAACCATCAGGAAGTTTCCATTAAACGGGTAAAACCAGGCGCAT
B10 AGAGGGGGTAATAGTCGCAAATGGTCAATAACCTGTTTAGCTAT F9  AGGCTGGCTGAATTATACCAGTCAGGACGTTGGGAATCAGAAAACGAGA
Region C F10 ATGACCATAAATCACTGTAGCTCAACATGTTTTAAATATGCAAC
Cl  AGTAGATTTAGTTTGACCATTAGATACATTTAAAATGTTTAGAC Region G
C2 TGGATAGCGTCCAAAGAAAGATTCATCAGTTGAGATTTACGCAGACGGTC Gl  AATCATTACCGCGCCCAATAGCAAGCAAATACAATTTTATCCTG
C3  AATCATAAGGGAGAGGCAAAAGAATACGCTTGCTT G2  AATCTTACCAACGAAGCAGATAGCCGAACAAAGTTACCATACATACATA
C4  TCGAGGTGACGGAGTGAGAATAGACCCTCATTTTCA G3  AAGGTGGCAACACCATCGATAGCAGCTCATAGCCC
C5 GGGATAGCAAGCCCAGGAGGTTTAGTACCGCCA G4  CCTTATTAGAAACAAATAAATCCTCATTAAAGCCAGAATTTCATCGGC
C6  CCCTCAGAACCGCCACCCTCCTATTTCGGAACCTATTATT G5  ATTTTCGGACCGTAATCAGTAGCGACAGAATCACAGTATGTTAGC
C7  CTGAAACATGAAAGTATTAAGGTCAGTGCCTTG G6  AAACGTAGAAAAGAAGGAAACCGAGGAAACGCAATAAAGATTAGTTGCTA
C8  AGTAACAGTGCCCAGAACCACCACCAGGCCACCCTC G7  TTTTGCACCCAGCTCAGATATAGAAGGCTTATCCGGTATTCTAAGAACG
C9  AGAACCGCCAGGTGAATTATCACCGTCACCGACTAGGGCGACATT G8 CGAGGCGTTTTAGCGAACCTCCCGAAAAGCGAACCAGACCGGAAGCAAAC
C10 CAACCGATTGATCAGAGGGTAATTGAGCGCTAATATTAGCAGCCTTTAC G9  TCCAACAGGTCAGGATTAGAGAGTACCTTTAATTGAAGATTAAGAGGAA
C11 AGAGAGAATAACATGAACAAGAAAAATAATATCCCATCCTAATT G10 GCCCGAAAGACTTTAAATTGGGCTTGAGATGGTTTAATAATCAACGTAA
Region D G11 CAAAGCTGCTCCGGAACGAGGGTAGCCTTGCAGGG
D1 TACGAGCATGTAGAAACCAATCAATAATCGTTTTTTGTTTAACG G12 AGTTAAAGGCGTAACGATCTAAAGTTTTGTCGTCTTTCCATATTCGGT
D2  TCAAAAATGAAAACAGAGAGATAACCCACAAGAATTGAGTTTACCAGCG G13 CGCTGAGGAACGGCTACAGAGGCTTTGAGGACTAAGAACCGGATA
. . .. D3  CCAAAGACAAATGAGCCATTTGGGAAACCGCCTCC G14 TTCATTACCCATTCAACTTTAATCATTGTGAATTACAGTCAGAAGCAAAG
Figure S27. Schematic diagram of the ‘opened’ 9-layer concentric ring structure.
_ U . D4 CTCAGAGCCAGCCGCCGCCAGCATTGACAGGAGGTTGAGCCAGAGCCA G15 CGGATTGCATCAAACTCCTTTTGATAAGAGGTCATTTTTGCGGA
The open structure is the same as the 9-layer concentric ring structure shown in Figure D5 CCACCGGATTAGAGCCAGCAAAATCACCAGTAGACAATCAATAGA Region H
S26, with several staple strands removed. In region A, staple strands 1-8 are not included. D6  AAATTCATATGGTTAAGCCCAATAATAAGAGCAAGATATTTATCCCAATC H1  TTAATTCGAGCTTCCTTGCGGGAGGTTT
In region B, staple strands 5 and 6 are not included. In region C, staple strand 6 was not D7  CAAATAAGAAACGAGCTGTCTTTCCTTATCATTCCAAGAACGGG H2  TGAAGCCTTAAATCATAACGGAATAC
included. The exclusion of these sﬁqﬂe strands, which are intended to traverse all 5 D8 TAAAGTACGGTGTCTGGAAGTTTCATTCCAGAATCCCCCTCAAA H3 CCAAAAGAACTGGTGACGAGAAACAC
scaffold crossovers on one side of the structure, effectively removes the link between D9  TGCTTTAAACAGTGAAAAATCTACGTTAATAAAACGAAAGGACAGATGA H4  CAGAACGAGTAGCAAATATCGCGTT
regions B and C. The result is an open, concentric ring structure. All applicable staple D10 ACGGTGTACAGATACGTAATGCCACTATACCGATA H5  CTCCTTATTACGAGTTTGCCTTTAGCGCACCCTCAGCAGC
: . D11 GTTGCGCCGATTTTGCTAAACAACTTTCAACAGTTTCAGATTTCTTAA H6  GAAAGACAGCATATTCAGTGAATAAGGCTTGCCCCATGATTAAGA
sequences are the same as for the unmodified 9-layer ring structure. D12 ACAGCTTGACGAAGGCACCAACCTAAAACGAAAACCGAACTGACC H7  CGGGATCGTTCAGACTGTAGCGCGTTGGAAAGC
D13 AACTTTGAAAGCTAACGGAACAACATTATTACAGGTTACTGCGGAATCGT H8  GCAGTCTCAGCCCTCATAGTTAGCCGCTTTTG
D14 CATAAATATTCATTTATAACAGTTGATTCCCAATTCTGCGAACG H9  GCATTCCACAGACTGAATTTACCGTT
Table S11. Sequences of the staples in the 9-layer concentric ring structures. Region E H10 CCAGTAAGCGTCGTTTTGCTCAGTACCAGGCG
Region A El  TATTAAACCAAGTACCGCACTCATCGAGAATTGCCAGTTACAAA H11l GATAAGTGCCGTCGAGAGGGACAACGCCTGTA
Al  AATAGTAGTAGCATTGCGCCTGTTTATCAA E2  ATAAACAGCCATATAACAATGAAATAGCAATAGCTATCTCCACGGAATAA

* Staples are listed 5’ to 3° and correspond to the regions and staple numbers shown in

A2 CAATAGATAAGTCCTAAAAACAGGGAAGC E3  GTTTATTTTGTCCACCATTACCATTAGAATCAAAA o
the schematic in Figures S26 and S27.
A3  GCATTAGACGGGAGTAACCCTCGTTTAC E4 TCACCGGAAGCAGGTCAGACGATTGTGTACTGGTAA
A4  CAGACGACGATAAAGGCATCAATTCTACT E5 TAAGTTTTAACGGGAGGCTGAGACTCCTCAAGA
A5 GCAACACTATCAAATTAACTGAACACCCTGAACAAAGGGGAGGGAAGG E6 GAAGGATTAGGATTAGCGGGATACATGGCTTTT
A6 TAAATATTGACGTGTATCATCGCCTGATAAATTGTAGGCATAGTAAGA E7 GATGATACAGGAGGCCTTGATATTCACCGTTTGCCA
A7 ACAACGGAGATTGAAATTATTCATTAAACCCTCAG E8 TCTTTTCATCAAGGCCGGAAACGTCACCAATGAAATATAAAAGAA o ﬂ a n O b aS e O rg
1
A8  AGCCACCACAAATCTCCAAAAAAAAGCGCGAAACAAAGT E9 ACGCAAAGACATACCGAAGCCCTTTTTAAGAAAAGTCTAACGAGCGTCT

Region B E10 TTCCAGAGCCTAATCAAGCAAGCCGTTTTTATTTTCATCGTAGG o
B:gIonA'I'lTI'CA'I‘I‘I'GGGGCGCGAGCTGAAAAGGTAACCAAAATAGCGA Region F . U ﬂ |-|:| @d N aﬂ OJ[@C h ﬂ O | Ogy FO rm a-t

S87 S&8 S89



Reverse =ngineering

Design File
Raw Published Sequences
, . , Scaffold

CTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACC

] GTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCT

] CCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCT
CGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATT

| AAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCG

CTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTT ] I
I ] CTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGT & P h yS I Ca I

CAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTA

| GTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGG Self-Assembl V'

TGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTT

| TTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGG

ACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGG

| GCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAAC

CACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGC

] GTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTG

AAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAA

] AAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCC
GCGCGTTGGCCGATTCATTAAT, . .

, L ' Staples

| | ! CCGTTGAATTAA

] GTCTGTCCATCACGCATAGCAATACTTCTTTGAACTCAAA

AGTAGAAGATTAGTAATAACATCAATCGGAAC

| CCTAAAGGTGCCGTAAAGCACTAACTTGCCTG

CGAGAAAGGAAGGGAAGCCACCGAGTAAAAGA

| CTATCGGCTGGATTATTTACATTGAGGGACAT

| AGAACCCTGCTCAATCGTCTGAAACTTGCTGGTAATATCC
| | AGAACAATATTACCGCATACCTACATTTTGACTCTGACCT
GTGGCACAAAAAACGCTCATGGAACAGCCATTGCAACAGG
CAAATATCTAGCCCTAAAACATCGAAGAATAC
GAAAGCGTCCATTAAAAATACCGACTAAAGCATCACCTTG
TAGTCTGGCTAT
GACAATATTTTTGAATTTAATGCGCGAACTGAAAACCCTC
GTAATAAAGCAGATTCACCAGTCAATAGGGTT

Is the thverse
erc}btem Possibi&?




Reverse =ngineering

Geometry

Information Loss

Cartesian positions
and orientations of bases;

' insertions, deletions;

! scaffold crossovers

Topology

Information Loss

FORWARD DESIGN

Positions of staple
crossovers,
loopouts and dangles

Sequences

e Physical

Self-Assembly

Raw Published Sequences
Scaffold

CTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACC

CGCAAAATGATAATGTTACTCAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAR

O0DLLILIYIIYLLYOYVIOVOLILOYYYVIILIIVYILIVYLLIOOYYOOOIDLLLOOLYVYYLL

GAGCCGTCAATA GATAATACATTT GAGGATTTAGAAGTATTAGA CTTTACAAACAATTCGACAACTCGTA

OLO99 0¥ LIV IDILYLIVIOLYVYYOLOD LYY YIODILLOVIYYIDLIOVYYIOLILOLIVYYOIIIILOYDODYL

TAATCTATTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTTCCTCAATTCCTTT

YLIVOV LYY IOV YOVYIOVOOVYOOVILLOLVIVYVYYIODIYILIOOVYVYOOVYOLIYYOOVYY

—>
Staples

>

~ ,/‘
~
@ o le®

<1 3

‘)I

<«€——— Spring Embedder

Scaffold

GTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCT
CCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCT
CGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATT
AAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCG
CTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTT
CTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGT
CAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTA
GTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGG
TGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTT
TTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGG
ACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGG
GCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAAC
CACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGC

"""""""""" GTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTG

AAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAA
AAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCC

d ( g I.) Hamming GCGCGTTGGCCGATTCATTAAT, . .
) Distance Staples
CCGTTGAATTAA

—_ >
X X

Reconstructed
Staple-Scaffold Contact Map

Domain-Level Graph ))

r

(_.

GTCTGTCCATCACGCATAGCAATACTTCTTTGAACTCAAA
AGTAGAAGATTAGTAATAACATCAATCGGAAC
CCTAAAGGTGCCGTAAAGCACTAACTTGCCTG
CGAGAAAGGAAGGGAAGCCACCGAGTAAAAGA
CTATCGGCTGGATTATTTACATTGAGGGACAT
AGAACCCTGCTCAATCGTCTGAAACTTGCTGGTAATATCC
AGAACAATATTACCGCATACCTACATTTTGACTCTGACCT
GTGGCACAAAAAACGCTCATGGAACAGCCATTGCAACAGG
CAAATATCTAGCCCTAAAACATCGAAGAATAC
GAAAGCGTCCATTAAAAATACCGACTAAAGCATCACCTTG
TAGTCTGGCTAT
GACAATATTTTTGAATTTAATGCGCGAACTGAAAACCCTC
GTAATAAAGCAGATTCACCAGTCAATAGGGTT

REVNANO Constraint
Programming Solver

REVERSE ENGINEERING



Reverse £ngineering: VWny
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Guide Schematic - Dynamic HTML Page




Dynamic = I VIL Page
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Guide Schematic - Dynamic HTML Page
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Guide Schematic - Dynamic HTML Page
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Guide Schematic - Dynamic HTML Page
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6 bp helix
staple 11, section 1

5'-GGCTAT-3"'

3'-CCGATA-5"
[scaffold domain 611]




Reverse =ngineering

Geometry

Information Loss

Cartesian positions
and orientations of bases;
insertions, deletions;
scaffold crossovers

Topology

Information Loss

FORWARD DESIGN

Positions of staple
CroSSoOVers,
loopouts and dangles

CGCAAAATGATAATGTTACTCAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAR

O0DLLILIYIIYLLYOYVIOVOLILOYYYVIILIIVYILIVYLLIOOYYOOOIDLLLOOLYVYYLL

GAGCCGTCAATAGATAATACATTT GAGGATTTAGAAGTATTAGACTTTACAAACAATTCGACARA CTCGTA

OLO99 0¥ LIV IDILYLIVIOLYVYYOLOD LYY YIODILLOVIYYIDLIOVYYIOLILOLIVYYOIIIILOYDODYL

TAATCTATTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTTCCTCAATTCCTTT

VLIV OV LYY LOYYOVYYIOVOOVYOOVILIOLVIVYVYYIDIVYILOOVYVYOOYOLIYYOOVYY

—>
Staples

Spring Embedder

d(g,r

Kev Co

X

Reconstructeg§® e
Staple-Scaffold Cont§ Map

‘

[

Scaffold

) Hamming
Distance

Sequences

e Physical

Self-Assembly

I hl E: CAGH

Raw Published Sequences
Scaffold

CTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACC
GTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCT
CCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCT
CGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATT
AAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCG
CTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTT
CTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGT
CAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTA
GTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGG
TGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTT
TTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGG
ACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGG
GCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAAC
CACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGC
GTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTG
AAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAA
AAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCC
GCGCGTTGGCCGATTCATTAAT, . .

Staples

CCGTTGAATTAA
GTCTGTCCATCACGCATAGCAATACTTCTTTGAACTCAAA
AGTAGAAGATTAGTAATAACATCAATCGGAAC
CCTAAAGGTGCCGTAAAGCACTAACTTGCCTG
CGAGAAAGGAAGGGAAGCCACCGAGTAAAAGA
CTATCGGCTGGATTATTTACATTGAGGGACAT
AGAACCCTGCTCAATCGTCTGAAACTTGCTGGTAATATCC
AGAACAATATTACCGCATACCTACATTTTGACTCTGACCT
GTGGCACAAAAAACGCTCATGGAACAGCCATTGCAACAG
CAAATATCTAGCCCTAAAA TCGAAGAATAC

REVNANO Constraint
Programming Solver

Domain-Level Graph

REVERSE ENGINEERING



Constraint Satisfaction Problems (CSP)

Ul

Q0

Constraint Satisfaction Problems

e (Given:

o A set of decision variables.

AN

o For each decision variable, a domain of potential values.

o A set of constraints on the decision variables.
e Find:

o An assignment of values to variables such that all constraints are satisfied.

An Introduction to Constraint Programming, Jacob Allen, Youtube



Constraint Satisfaction Problems (CSP)

Ul

Constraint Satisfaction Problems

00

AN

Emp%v squares
,1 ko ©

o A set of decision variables.

o For each decision variable, a domain of potential values.

o A set of constraints on the decision variables.

N Sudoku rules

o An assignment of values to variables such that all constraints are satisfied.

CQMPLQE@.&
Sudolku square




Constraint Propagation

5 7 5 7
> 6 9 6 19
6 8 6 8 6
4 5 4 8|5
7 2 7 92
8
1 41
4 8 8
7 —

Constraints build iteratively

to systematically narrow down a solution




Constraint Propagation
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Reverse Engineering an Origami Contact Map as a CSP

Constraint Satisfaction Problems
S%api@s Set of Possibi.@.
e Given: W‘“C T’OM%@;S
o A set of decision variables. H\TOMQ!« S&‘Oﬂf‘&}t

o For each decision variable, a domain of potential values.

o A set of constraints on the decision variables.
e Find:

o An assignment of values to vatiables such that all constraints are satisfied.

NG C}\/QTL&PS, all
s%api@.s pta&ed

Compi&%ad
origami!




Rebuilding The Smiley Face From seguences

Stage 0: Establish The Initial Hard Constraints 1+,

Staple with multiple possible routes Staple with single route - | 4;92;33
OGO I D : ——

CDICDICORCDRCD = =

1426: 8 1342: 12 1342: 12 1342: 12 1342: 12
1426: 8 1426: 8 1426: 8 1426: 8

32 Definite 1-Route Staples Placed




Rebuilding The Smiley Face From Seguences
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207 of 243 Staples Placed



Rebuilding The Smiley Face From Seguences

Stage 2: Force-Place "Stubbom™ Staples by Shortest Path

After 0 0 L After
lteration 4 5 - |teration 8 — —_
" L, : s === et e
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Sesults

> 95% staples

placed

lested on 36

DNA origa

Tom literat

MIS

Ure

NAIVE Solver

REVNANO Solver

ID Raster Origami Ref Dim Staples J7 d(g, r) SP% Wall(s) Honin o p d(g, r) SP% Wall(s) Vs.
1 RNA/DNA Hybrid Triangle [24] 2 22 6 16 100.0 <1 6 0 0.10 16 100.0 <1 =
2 M1.3 Four Finger [38] 2 24 6 6 100.0 <1 6 0 0.05 6 100.0 <1 =
3 Brick [39] 3 45 5 459 77.8 <1 6 1 0.30 332 84.4 <1 R
4 Mini Triangle [40] 2 66 6 308 87.9 <1 6 1 0.05 30 100.0 1 R
S5 DeBruijn Sequence Square [41] 2 70 6 44 100.0 <1 6 0 0.05 44 100.0 1 =
6 pucl9 Rectangle [33] 2 90 6 2 100.0 <1 6 0 0.30 2 100.0 1 =
7 6 Helix Bundle [39] 3 96 — — — — 5 2 0.45 136 96.9 20 R
8 Fivewell Plate [42] 2 158 . - . — 6 6 0.30 100 100.0 272 R
9 Membrane Nanopore [43] 3 172 6 2366 66.3 S5 6 1 0.25 1275 83.7 140 R
10 Single Staple Loop [44] 2 195 6 2 100.0 1 6 0 0.05 2 100.0 4 =
11 DNA Frame [45] 2 222 - - . — 6 3 0.55 174 99.5 71 R
12 Rothemund Rectangle [25] 2 226 — — — — 6 3 0.25 126 100.0 65 R
13 Rectangle Variant [46] 2 226 — — — — 6 3 0.30 114 100.0 57 R
14 Small Moon [47] 2 234 — — — — 5 2 0.05 258 99.1 367 R
15 Rothemund Smiley [25] 2 243 — — — — 5 2 0.15 172 99.2 199 R
16 Rothemund Star [25] 2 244 — — — — 6 4 0.45 116 99.6 110 R
17 Capsule [48] 3 264 - — — — — — — — — — —
NAIVE Solver REVNANO Solver
ID Wireframe Origami Ref Dim Staples Ponin d(g, r) SP% Wall(s) Ponin o p d(g, r) SP% Wall(s) Vs.
18 Triangle [37] 2 7 6 46 85.7 <1 5 0 0.05 8 100.0 <1 R
19 Square [37] 2 8 6 6 100.0 <1 6 0 0.05 6 100.0 <1 =
20 Pentagon [37] 2 10 6 6 100.0 <1 6 0 0.05 6 100.0 <1 =
21 Tetrahedron [37] 3 13 5 141 76.9 <1 5 0 0.05 4 100.0 <1 R
22 Triangle Mesh [37] 2 22 S5 168 77.3 <1 S5 0 0.05 35 95.5 <1 R
23 Cube [37] 3 25 5 502 56.0 <1 5 0 0.05 6 100.0 <1 R
24 Star Mesh [37] 2 38 6 443 76.3 <1 5 0 0.05 66 97.4 1 R
25 Dodecahedron [37] 3 59 — — — — 5 0 0.10 188 96.6 3 R
26 Icosahedron [37] 3 64 — — — — 5 2 0.15 355 89.1 4 R
27 Square Mesh 1 [37] 2 82 — — — — S5 4 0.05 284 92.7 78 R
28 Hexagon Mesh 1 [37] 2 84 — — — — S5 2 0.25 335 92.9 13 R
29 Annulus Mesh 1 [37] 2 89 — — — — 5 0 0.05 91 98.9 7 R
30 Hexagonal Tile [37] 2 98 — — — — 5 0 0.05 169 98.0 12 R
31 Truncated Cube [37] 3 98 — — — — 6 2 0.05 72 100.0 6 R
32 Cross Mesh [37] 2 110 - - - - 5 1 0.15 176 97.3 18 R
33 vHelix Ball [49] 3 132 6 115 98.5 1 6 0 0.20 18 100.0 5 R
34 Annulus Mesh 2 [37] 2 161 - - — — 5 3 0.05 106 100.0 131 R
35 Lotus Mesh [37] 2 180 — — — — 5 3 0.05 271 97.8 255 R
36 Enneagonal Trapezohedron [37] 3 318 — — — — — — — — — — —
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Some Limitations / Challenges

N ) Short (e.g. ont or Sliding holliday
darameter less) hybridising junctions provide
aependence staple sections ambiguity
problematic CTTATCTATTATGTARE
AATAGATAATACATTT
(/’lmim 0, 16 ) |
Staple
misplacement is TAGTTGTTAGTGCTCC
guite hard to
detect
taple dangling SD raster
ends and interior Guide shapes are
loopouts need Schematic is dense ano
marking not editable nard to

decipnher
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Other Interesting Possibilities
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