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DNA STRAND DISPLACEMENT

— = Adenine B = long domain

=1 = Thymine EE = short domain

3 = Cytosine

= = Guanine

[ ]=Phosphate

backbone

DNA

b

C -

 IEREREREERE
- o
a* b*




DOMAIN-LEVEL STRAND DISPLACEMENT

long (branch-migration) domain: binds irreversibly
—— short (toehold) domain: binds reversibly

YA 2 N

X t b —_— . a t X
- fIIIIIIIIIIIIIII‘ > —~——— ¢ 2|||||||||||||h .

t* X* o tr t X* ot

o




DOMAIN-LEVEL STRAND DISPLACEMENT

long (branch-migration) domain: binds irreversibly —=p detailed network
—— short (toehold) domain: binds reversibly ——=condensed network
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DOMAIN-LEVEL STRAND DISPLACEMENT

long (branch-migration) domain: binds irreversibly —=p detailed network
—— short (toehold) domain: binds reversibly ——=condensed network
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MANY EXPERIMENTAL DEMONSTRATIONS ...
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... MANY MORE POTENTIAL APPLICATIONS.

Chemical Reaction Networks (CRNS)
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DOMAIN-LEVEL STRAND DISPLACEMENT

long (branch-migration) domain: binds irreversibly
—— short (toehold) domain: binds reversibly
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A=B A+F1l=F2+ B
formal species: {A, B} signal species (low concentation): {A, B}

fuel species (high concentration): {F1, F2}



FROM CRN TO DSD SYSTEMS
A+B—=C+ D

Soloveichik
et al. (2010)
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Images drawn using the DNA strand displacement analysis software VisualDSD:
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A CRN-TO-DSD COMPILER
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THE CENTRAL COMPONENT: PEPPERCORN

condensed reaction rates
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THERMODYNAMIC ENERGY MODEL

A secondary structure is a list of base pairs, where:
e A base may participate in at most one base pair
e Base pairs must not cross (no pseudoknots)

e Only specific base-pairs (GC, AT, GT) are allowed.

b) "dot-bracket" or "dot-parens-plus" notation
abcbrdefgh+h*f*ijkl+1l*mij*nop+aq+
) G0y ) 0o r) ) Ot (e

c) "kernel" notation
ab(c)dlef(gh(+))1ij(kl(+)m)no(p+aq(+




REACTION TYPES & APPROXIMATE RATES 1/2
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REACTION TYPES & APPROXIMATE RATES 2/2
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ENUMERATION / CONDENSATION
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ENUMERATION / CONDENSATION
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Peppercorn rate constant [/M/s]

CONDENSED REACTION RATES

Zhang and Winfree (2009) Zhang and Winfree (2009) Dabby (2013)
a) 3-way strand displacement b) 3-way toehold exchange c) 4-way strand displacement
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AUTOCATALYTIC SYSTEM
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AUTOCATALYTIC SYSTEM
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Zhang et al. (2007) Fig. 1 - Single-layer catalytic DSD system (varying catalyst)
Zhang et al. (2007) Fig. 3 - Two-layer feedforward DSD system (varying catalyst)
Zhang et al. (2007) Fig. 4 - Autocatalytic DSD system (varying autocatalyst)
Yin et al. (2008) Fig. 3 - Autocatalytic hairpin system (varying initiator)
Zhang & Winfree (2009) Fig. 5 - Catalytic DSD system (varying toehold lengths)
Zhang & Winfree (2010) Fig. 3A - Catalytic DSD system with 100 nM substrates (varying catalyst)
Zhang & Winfree (2010) Fig. 3B - Catalytic DSD system 30 nM substrates (varying catalyst)
Zhang & Winfree (2010) Fig. 3C - Catalytic DSD system with 3 nM substrates (varying catalyst)
Zhang & Winfree (2010) Fig. 3D - Catalytic DSD system with 1 nM substrates (varying catalyst)
(
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Zhang & Winfree (2010) Fig. 10C -- Catalytic DSD system with four-letter alphabet (varying catalyst)

Zhang & Winfree (2010) Fig. 10F -- Catalytic DSD system with three and four-letter alphabet (varying catalyst)
Zhang (2011) Fig. 3A (?) - Cooperative strand displacement

Kotani & Hughes (2017) Fig. 2 - Single-layer catalytic DSD with 4-way branch migration (varying catalyst)

Kotani & Hughes (2017) Fig. 3 - Two-layer feedforward DSD system with 4-way branch migration (varying catalyst)
Kotani & Hughes (2017) Fig. 4 - Autocatalytic DSD system with 4-way branch migration (varying autocatalyst)



THE COMPILER FRAMEWORK
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THE COMPILER FRAMEWORK

condensed reaction rates
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= NUPACK: Dirks et al. (2007)

= Multistrand: Schaeffer et al. (2015)




THE COMPILER FRAMEWORK

A= 1B
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Peppercorn: Badelt, Grun et al. (in perparation)

KinDA: Berleant et al. (2018)
= NUPACK: Dirks et al. (2007)
= Multistrand: Schaeffer et al. (2015)
Nuskell: Badelt et al. (2017)
= CRN pathway decomposition equivalence: Shin et al. (2017)
= CRN bisimulation equivalence: Johnson et al. (2018)




TRANSLATION SCHEMES

# Translate formal reactions with two reactants and two products.
# Lakin et. al (2012) "Abstractions for DNA circuit design." [Figure 5]

# Define a global short toehold domain
global toehold = short();

A+B—>B-|—B _

dl

?

# Define domains and structure of signal species

class formal(s) = "2 t £" | ". . .® B
where { t = toehold; £ = long() }; H

t  d2
A

DETAILED VS. CONDENSED
ENUMERATION

A+B—-DB+1B
B+C—-C+C

5 S C+A—A+ A
# Define fuel complexes for bimolecular reactions i : Ei
class binary fuels(r, p) = 5 —s
["ati+btk+chtc+dhtd+ tr dh* t* ch* t* b* t* ax t*" s uels,
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c =p .L; C = ong H
d = plll.£; dh = long(); | teodl* tx o d2* tx d5* t¢ d6* t § 100 e o I
i = long(); k = long(); dl t d3 t ds t d6 t _g e .
t = toehold }; H 2 101
& 3 4 5 6 7 8 9
Time [hours] Toehold length [nt]
Translation scheme pathway decompositon CRN bisimulation
soloveichik2010.ts True True
cardelli2011_FJ.ts False False 1800 Translation scheme
cardelli2011_FJ_noGC.ts False True soloveichik2010.ts
N N 1600 cardelli2011_FJ.ts
cardelli2011_NM.ts timeout False " cardelli2011 FJ noGC.ts
@ _FJ_| .
cardelli2011_NM_noGC.ts False True % 1400 cardelli2011_NM.ts
gian2011_3D_varl.ts True True 2 : :?ar::gfflglal\lvhgrfi’:c'ts
=] 3D .
lakin2012_3D.ts False False g 10 »  lakin2012_3D.ts
lakin2012_3D_varl.ts False True 3 . + lakin2012_3D_varl.ts
Jolli D 31 Fal T g 1000 - cardelli2013 2D 3l.ts
cardelli2013_2D_3l.ts aisc e 2 \ cardelli2013_2D_31_noGC.ts
cardelli2013_2D 3l noGC.ts timeout True 800 - chen2013_2D_JF varl.ts
chen2013 2D JF varilts timeout True o ﬁ'_‘;f'ii%ﬁt’gsl'ts
NIV .
- - 600
lakin2016_2D _3l.ts timeout False 20 0 60 80 100 120
srinivas2015.ts True True reactions in condensed network

CRN bisimulation equivalence: Johnson et al. (2018)
CRN pathway decomposition equivalence: Shin et al. (2014)




CRN EQUIVALENCE

formal input CRN enumerated CRN

3 species 360 species
7 reactions 668 reactions

A > A+A

A+ A ->A

A+B->B+8B

B ->

A+C ->

c ->Cc+¢C

cC+C->¢C

Johnson et al. (2018) - CRN bisimulation equivalence
translation scheme: gqian2011_3D_varl.ts



CRN EQUIVALENCE

formal input CRN condensed CRN enumerated CRN

3 species 42 species 360 species
7 reactions 32 reactions 668 reactions

A > A+ A fi14 + C -> e1428 + f15

A+ A ->A e853 + f12 -> C + f13

A+B->B+B A+ f4 -> f3 + e71

B -> f2 + e25 -> A + f1

A+ C -> A + e25 -> f2 + e7

Cc -=>C+¢C €996 + f3 -> A + f10

c+cC->¢C el428 + f15 -> f14 + C

f3 + e71 -> A + f4

e465 + B -> e418 + 6

e614 + f9 -> e611 + e730

€996 + C -> e1040 + f12

e465 + f5 -> e514 + e368

e308 + f7 -> f8 + B

e418 + B -> e371 + f6

C + f13 -> e853 + f12

A+ f1 -> f2 + e25

B + e71 -> e319 + f7

f2 + e7 -> A + e25

e1040 + f11 -> el162 + el1163 + el1l58
e319 + f7 -> B + e71

e308 + f9 -> e614 + e615 + e611
e371 + f6 -> e418 + B

e1040 + f12 -> e996 + C

f8 + B -> €308 + f7

e319 + f5 -> e372 + e371 + €368
f3 + e7 -> A + f0O

e853 + f15 -> e1428 + C

e1428 + C -> e853 + fi15

A + f10 -> e996 + f3

el163 + f11l -> el158 + el246
e418 + f6 -> e465 + B

A+ fo -> f3 + e7

Johnson et al. (2018) - CRN bisimulation equivalence
translation scheme: gqian2011_3D_varl.ts



CRN EQUIVALENCE

formal input CRN verification CRN condensed CRN enumerated CRN

3 species 26 species (no fuel species) 42 species 360 species
7 reactions 32 reactions 32 reactions 668 reactions
A -=> A+ A C -> el428 fi14 + C -> e1428 + f15
A+ A ->A e853 -> C e853 + f12 -> C + f13
A+B->B+B A -> e71 A+ f4 -> f3 + e71
B -> e25 -> A f2 + e25 -> A + f1
A+ C -> A + e25 -> e7 A + e25 -> f2 + e7
Cc -=>C+¢C e996 -> A €996 + f3 -> A + f10
c+cC->¢C el1428 -> C el428 + f15 -> f14 + C
e71 -> A f3 + e71 -> A + f4

e465 + B -> e418 e465 + B -> e418 + 6
e614 -> e61l1 + e730 e614 + f9 -> e611 + e730
€996 + C -> e1040 €996 + C -> e1040 + f12
e465 -> e514 + e368 e465 + f5 -> e514 + e368
e308 -> B e308 + f7 -> f8 + B

e418 + B -> e371 e418 + B -> e371 + f6

C -> e853 C + f13 -> e853 + f12

A -> e25 A+ f1 -> f2 + e25

B + e71 -> e319

e7 -> A + e25

e1040 -> el162 + e1163 + el1158
e319 -> B + e71

e308 -> e614 + e615 + e611
e371 -> e418 + B

e1040 -> €996 + C

B -> e308

e319 -> e372 + e371 + e368
e7 -> A

e853 -> e1428 + C

e1428 + C -> e853

A -> e996

el1163 -> el1158 + e1246
e418 -> e465 + B

A -> e7

B + e71 -> e319 + f7

f2 + e7 -> A + e25

e1040 + f11 -> el162 + el1163 + el1l58
e319 + f7 -> B + e71

e308 + f9 -> e614 + e615 + e611
e371 + f6 -> e418 + B

e1040 + f12 -> e996 + C

f8 + B -> €308 + f7

e319 + f5 -> e372 + e371 + €368
f3 + e7 -> A + f0O

e853 + f15 -> e1428 + C

e1428 + C -> e853 + fi15

A + f10 -> e996 + f3

el163 + f11l -> el158 + el246
e418 + f6 -> e465 + B

A+ fo -> f3 + e7

Johnson et al. (2018) - CRN bisimulation equivalence
translation scheme: gqian2011_3D_varl.ts



CRN EQUIVALENCE

formal input CRN interpreted CRN verification CRN condensed CRN enumerated CRN
3 species 3 species 26 species (no fuel species) 42 species 360 species
7 reactions 7 non-trivial reactions 32 reactions 32 reactions 668 reactions
A > A+ A C -> el428 fi14 + C -> e1428 + f15
A+ A ->A c+C->¢C e853 -> C e853 + f12 -> C + f13
A+B->B+8B A -> e71 A+ f4 -> f3 + e71
B -> e25 -> A f2 + e25 -> A + f1
A+ C -> A + e25 -> e7 A + e25 -> f2 + e7
Cc -=>C+¢C €996 -> A €996 + f3 -> A + f10
c+cC->¢C el1428 -> C el428 + f15 -> f14 + C
e71 -> A f3 + e71 -> A + f4
A=> A €465 + B -> e418 e465 + B -> e418 + f6
B=>8B e614 -> e611 + e730 e614 + f9 -> e611 + e730
c=c €996 + C -> e1040 €996 + C -> e1040 + f12
€1040 => A, C €465 -> e514 + e368 e465 + f5 -> e514 + €368
e1158 => e308 -> B e308 + f7 -> f8 + B
o e1162 => e418 + B -> e371 e418 + B -> e371 + 6
c e1163 => c >Cc+¢C C -> e853 C + f13 -> 853 + f12
8 e1246 => A -> e25 A+ f1 -> f2 + e25
< e;ng;z ¢ B + e71 -> e319 B + e71 -> €319 + 7
S Cies oo B e7 -> A + e25 f2 + e7 -> A + 25
§ €319 => A, B A+C -> €1040 -> e1162 + e1163 + e1158  e1040 + f11 -> e1162 + e1163 + e1158
D 368 => €319 -> B + e71 e319 + f7 -> B + e71
Q e371 => B, B B -> €308 -> €614 + e615 + €611 €308 + f9 -> e614 + e615 + e611
2 e372 => e371 -> e418 + B e371 + f6 -> e418 + B
X es18 => B e1040 -> €996 + C e1040 + f12 -> €996 + C
Q. es65 => B -> e308 f8 + B -> e308 + f7
c 514 = A+B ->B+B e319 -> e372 + e371 + e368 e319 + f5 -> e372 + e371 + e368
QO eeéll => A+A->A e7 -> A f3 + €7 -> A + 0O
w egig = e853 -> e1428 + C €853 + f15 -> 1428 + C
E :7 =>'A, A e1428 + C -> e853 e1428 + C -> e853 + f15
O e71 => A A -> €996 A + f10 -> €996 + 3
o e730 => e1163 -> e1158 + e1246 e1163 + f11 -> e1158 + e1246
"E e853 =>C, C e418 -> e465 + B e418 + f6 -> e465 + B
= €996 => A A -> A+ A A -> e7 A+ fo -> f3 + e7

Johnson et al. (2018) - CRN bisimulation equivalence
translation scheme: gqian2011_3D_varl.ts



FROM A DIGITAL CIRCUIT TO DSD

YoU1 = |\/TaT3L221] fanout:

J! xO’I’L —> /ZZO’I’L + :]:O’I’L + kO’I’L
Lk Toff = loff + Joff +Kosy

D&D AND gate:
X toff + Joff = Yoff

q> Y i:D7 loff +Jon — Yoff
y

ion +joff — Yof f
Qian et al. (2011) lon. T Jon 7 Yon

# The CRN computes the floor of the squareroot of a four-bit binary number.

# Fanout X3 -> F5 + F6 + F7

X3_OFF -> F5_OFF + F6_OFF + F7_OFF
X3_ON ->F5_ON + F6_ON + F7_ON

# Fanout X4 -> F8 + F9 + F10

X4_OFF -> F8_OFF + F9_OFF + F10_OFF
X4_ON ->F8_ON + F9_ON + F10_ON

# G11 = NOT(X1 OR X2) + Fanout G11 -> F14 + F15
X1_OFF + X2_OFF -> F14_ON + F15_ON
X1_OFF + X2_ON -> F14_OFF + F15_OFF
X1_ON + X2_OFF -> F14_OFF + F15_OFF
X1_ON + X2_ON -> F14_OFF + F15_OFF
# G12 = F6 AND (NOT F9)

F6_OFF + F9_OFF -> G12_OFF

F6_OFF + F9_ON -> G12_OFF

F6_ON + F9_OFF -> G12_ON

F6_ON + F9_ON -> G12_OFF

#Y2 =F7 ORF10

F7_OFF + F10_OFF -> Y2_OFF

F7_OFF + F10_ON -> Y2_ON

F7_ON + F10_OFF -> Y2_ON

F7_ON + F10_ON ->Y2_ON

Input for the nuskell compiler: 32 formal reactions.

# G16b = F5 AND F8

F5_OFF + F8_OFF -> G16b_OFF
F5_OFF + F8_ON -> G16b_OFF
F5_ON + F8_OFF -> G16b_OFF
F5_ ON + F8_ON -> G16b_ON

# G16 = NOT(F14 AND G16b)
F14_OFF + G16b_OFF -> G16_ON
F14_OFF + G16b_ON -> G16_ON
F14_ON + G16b_OFF -> G16_ON
F14_ON + G16b_ON -> G16_OFF
# G17 = F15 OR G12

F15_OFF + G12_OFF -> G17_OFF
F15_OFF + G12_ON -> G17_ON
F15_ON + G12_OFF -> G17_ON
F15_ON + G12_ON -> G17_ON
# Y1 = NOT(G16 AND G17)
G16_OFF + G17_OFF -> Y1_ON
G16_OFF + G17_ON -> Y1 ON
G16_ON + G17_OFF -> Y1_ON
G16_ ON + G17 ON -> Y1_OFF

soloveichik2010.ts: 52 signal species, 92 fuel species, 172 intermediate species, 180 reactions.

verifies as correct according to the pathway decomposition and CRN bisimulation equivalence

Badelt, Shin, Johnson, Dong, Thachuk and Winfree: A general-purpose CRN-to-DSD compiler with
formal verification, optimization, and simulation capabilities. LNCS (2017)



CONCLUSION
STRAND DISPLACEMENT IS A KINETIC TOOLBOX ...

... that can be rigorously analyzed
within the domain of the thermodynamic energy model.

CRN trajectory condensed reaction rates nucleotide-level reaction rates
equivalence aA(/; F1 2 X S A ¢ B
A= B <= e e Y S SR S
CRN condensation
CRN-to-DSD
translation schemes domain-level reaction rates
—AZ.—». - L +\L
ﬂ ) S nucleotide
A M a It.""Ii(‘"I nnnnnn WL bind
A /?} F2 CRN enumeration AR T sequences
e - S = T
B\ b T x ¢ F1 > i1 : ‘—~‘r:t : i3
Nuskell project Peppercorn project KinDA project

formal verification, choose optimal translation scheme,
simulation using approximate reaction rates
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CASE STUDIES: AUTOCATALYTIC SYSTEM
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CASE STUDIES: AUTOCATALYTIC SYSTEM

# |parameters MCS|RC + TC DR [RM CR
1 |release-cutof = 8 10 {16 + 159 556 | 14 15
2 |Kstow = Kfase = 1073 16 | 13+ 82 265|110 11
3 |Ksiow = Kfast = 1074 10 |16 + 164 599 | 14 15
4 |Ksjow = 1074, kfase = 107 2|| 16 |20 + 164 488 | 17 22
5 |Kstow = 1074, kase = 107 2|| 24 |55 + 1426 6628| 28 62
6 |Ksiow = 107 °, kfase = 107 2|| 24 |55 + 1426 6652| 28 75
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