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DNA STRAND DISPLACEMENT
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DOMAIN-LEVEL STRAND DISPLACEMENT

long (branch-migration) domain: binds irreversibly
—— short (toehold) domain: binds reversibly
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DOMAIN-LEVEL STRAND DISPLACEMENT

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

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

long (branch-migration) domain: binds irreversibly
—— short (toehold) domain: binds reversibly
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formal CRN DSD sytem specification
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 Lakin Cardelli (2011) Qian et al. (2011)
et al. (2010) et al. (2012)
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Chen et al. (2012), Cardelli (2013), Srinivas (2015), Lakin et al. (2016), ...

Images drawn using VisualDSD, Lakin et al. (2012)
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A CRN-TO-DSD COMPILER
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THE NUSKELL COMPILER PROJECT

CRN-to-DSD

translation schemes

. prove/disprove CRN equivalence:
formq/ chemical =
reaction networks - CRN bisimulation
- pathway decomposition
- ODE simulations
Y
domain-level | reaction domain-level
Speciﬁcation enumeration

reaction networks

Badelt et al. (2017) - compiler framework and CRN-to-DSD translation
Grun et al. (2014) - reaction enumeration

Shin et al. (2014) - CRN pathway decomposition equivalence
Johnson et al. (2016) - CRN bisimulation equivalence




THE NUSKELL COMPILER PROJECT

prove/disprove CRN equivalence:

A= B =

- CRN bisimulation
- pathway decomposition
- ODE simulations

CRN-to-DSD
translation schemes

. /7 T F2 | reaction
N . s F1 | enumeration

Badelt et al. (2017) - compiler framework and CRN-to-DSD translation
Grun et al. (2014) - reaction enumeration
Shin et al. (2014) - CRN pathway decomposition equivalence
Johnson et al. (2016) - CRN bisimulation equivalence




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();

# Define domains and structure of signal species
class formal(s) = "2 t £" | ". . ."
where { t = toehold; f = long() };

# Define fuel complexes for bimolecular reactions
class binary fuels(r, p) =
[ "ati+btk+chtc+dhtd+ t*¥ dh* t* ch* t* b* t* a* t*"

F"cc.+ .+ .+ . +) ) ) ) )y )y )y )y ooy,
"ati" | ". . .","chtdht" | ". ... ."1]
where {
a = r[0].£f;
b = r[l].£f;
c = p[0].£f; ch = long();
d = p[1l].£f; dh = long():;
i = long(); k = long();
t = toehold };

# Module *rxn* applies the fuel production to every bimolecular reaction
module rxn(r) = sum(map(infty, fuels))
where fuels =
if len(r.reactants) != 2 or len(r.products) != 2 then
abort ('Reaction type not implemented')
else
binary fuels(r.reactants, r.products);

# Module *main* applies *rxn* to the crn

module main(crn) = sum(map(rxn, crn))
where crn = irrev_reactions(crn);

simplified variant of translation scheme: lakin2012.ts



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();

formal (s)

# Define domains and structure of signal species

class formal(s) = "2 t £» | ™, . ." ’? t f
Where { t — toeho:l.d; f = long() }; ﬁ

# Define fuel complexes for bimolecular reactions

class binary fuels(r, p) =
[ "ati+btk+chtc+dhtd+ t* dh* t* ch* t* b* t* a* t*"
| »C .+ CC.+(C .+ (. +) ) ) ) ) ) ) ) .m,

mg t i" | " . . . ", "t chtdht" | " ... ."]
where {
a =r[0].f; / y 7’ y
b = r[l].f; a t b t ch t dh t
c = p[O] .f; ch = 1ong(); - I.IIIIIIIIIIIIIIIIII.IIIIIIIIIIIIIIII?IIIIIIIIIIIIIIII?IIIIIIIIIIIIIII
d = p[l].£f; dh = long(); t* a* t* b* t* ch* t* dh* t*
L = long(); k = long()s a_ t i t ch t dh t
t = toehold }; > >

simplified variant of translation scheme: lakin2012.ts




TRANSLATION SCHEMES

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

T Define a olobal Short Toohold domain ST
global toehold = short(); ? t d1

class formal(s) = "2 t £» | ™, . ."
where { t = toehold; £ = long() };

# Define domains and structure of signal species B 7 t d2 %

--------------------------------------------------------------

# Define fuel complexes for bimolecular reactions

class binary fuels(r, p) =
[ "ati+btk+chtc+dhtd+ t* dh* t* ch* t* b* t* a* t*"
| »C .+ CC.+(C .+ (. +) ) ) ) ) ) ) ) .m,

mg t i" | " . . . ", "t chtdht" | " ... ."]
where {
a =r[0].f; / y 7’ y
b = r[l].f; a t b t ch t dh t
c = p[O] .f; ch = 1ong(); - I.IIIIIIIIIIIIIIIIII.IIIIIIIIIIIIIIII?IIIIIIIIIIIIIIII?IIIIIIIIIIIIIII
d = p[l].£f; dh = long(); t* a* t* b* t* ch* t* dh* t*
L = long(); k = long()s a_ t i t ch t dh t
t = toehold }; > >

simplified variant of translation scheme: lakin2012.ts




TRANSLATION SCHEMES

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

T Define a olobal Short Toohold domain ST
global toehold = short(); ? t d1

class formal(s) = "2 t £» | ™, . ."
where { t = toehold; £ = long() };

# Define domains and structure of signal species B 7 t d2 %

--------------------------------------------------------------

# Define fuel complexes for bimolecular reactions
class binary fuels(r, p) =
[ "ati+btk+chtc+dhrtd+ t*¥ dh* t* ch* t* b* t* g* t*n
| “C .+ C(C.+(C .+ (.+) ) ) ) ) ) ) ) .o,
"ativ | . . . ", "t chtdht" | ". ... ."]

-----------------------------------------------------------------------------------------------------------------------

Wh:r: i[o] £ d3 d4 d2 CV
b = r[l] .f; E IIIIIdII1IIIIIIItIIIII.IIIdII2IIIIIITIIIII.IISI5IIIIIllltlllll.ll(ljl?llllllflll H
c = pl0]l.£; ch = long(); 4* * * * * * g% * *.
d = p[l] .f; dh = 1ong(); t d1 t d2 t d5 t d6 t
1 =1long(); k =longl; : d1 t d3 t d5 t d6 t
t = toehold }; : > ® > :

------------------------------------------------------------------------------------------------------------------------

simplified variant of translation scheme: lakin2012.ts




REACTION ENUMERATION
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http://www.github.com/DNA-and-Natural-Algorithms-Group/peppercornenumerator
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CRN EQUIVALENCE

formal input CRN enumerated CRN
3 species 360 species

7 reactions 668 reactions

A ->A + A

A+A->A

A+B->B+B

B ->

A+ C ->

(o] ->C+C

c+c->c

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 f14 + C -> el428 + £15

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

A+B->B+B A+ f4 -> £3 + e71

B -> f2 + e25 -> A + f1l

A+ C -> A + e25 -> £f2 + e7

c ->c+cC 996 + £3 -> A + £10

c+c->c e1428 + f15 -> fl4 + C

f3 + e71 -> A + f4

ed65 + B -> e4l8 + £f6

e6l4 + £f9 -> e6ll + e730

e996 + C -> e1040 + f12

ed465 + £f5 -> e514 + e368

e308 + £f7 -> £f8 + B

ed418 + B -> e371 + f6

C + £f13 -> e853 + f12

A+ f1 -> £2 + e25

B + e71 -> e319 + f£7

f2 + e7 -> A + e25

el040 + £f11 -> ell62 + ell63 + ell58
e319 + £f7 -> B + e71

e308 + £f9 -> e6l1l4 + e61l5 + ebll
e371 + £6 -> e418 + B

el040 + £f12 -> e9%996 + C

f8 + B -> e308 + £f7

e319 + £f5 -> e372 + e371 + e368
f3 + e7 -> A + £0

e853 + f15 -> el1428 + C

el428 + C -> e853 + f15

A + f10 -> e996 + £3

ell63 + £11 -> ell58 + el246
ed418 + £f6 -> e465 + B

A+ f0 -> £3 + e7

translation scheme: gqian2011_3D_varl.ts



CRN EQUIVALENCE

condensed CRN
42 species

enumerated CRN
360 species

formal input CRN verification CRN
3 species 26 species (no fuel species)

7 reactions 32 reactions 32 reactions 668 reactions
a ->A+A C -> eld28 £14 + C -> el428 + £15
A+A->A e853 -> C e853 + f12 -> C + £f13
A+B->B+B A > e7l A+ f4 -> £3 + e71
B -> e25 -> A f2 + e25 -> A + f1l
A+ C -> A + e25 -> e7 A + e25 -> £f2 + e7
c ->c+cC e996 -> A e996 + £3 -> A + £10
c+c->cC el428 -> C el428 + £15 -> f14 + C

e7l -> A £3 + e71 -> A + f4

ed465 + B -> e4l8 ed465 + B -> e418 + f6

e61l4 -> e6ll + €730 e6l4 + £9 -> e6ll + €730

€996 + C -> 1040 €996 + C -> 1040 + f12

e465 -> e514 + e368 e465 + £5 -> e514 + e368

e308 -> B e308 + £7 -> £8 + B

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

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

A -> e25 A+ f1 -> £2 + e25

B + e71 -> e319 B + e71 -> e319 + £7

e7 -> A + e25 £f2 + e7 -> A + e25

1040 -> ell62 + ell63 + ell58 e1040 + f11 -> ell62 + ell63 + ell58
e319 -> B + e71 e319 + £7 -> B + e71

e308 -> e6l4 + e615 + e6ll e308 + £9 -> e614 + e615 + e6ll
e371 -> e418 + B e371 + £6 -> e418 + B

1040 -> €996 + C 1040 + £12 -> €996 + C

B -> e308 f8 + B -> 308 + f7

e319 -> e372 + e371 + e368 e319 + £5 -> e372 + e371 + e368
e7 -> A f3 + e7 -> A + £0

e853 -> el428 + C e853 + f15 -> el428 + C

el428 + C -> e853

A -> e996

ell63 -> ell58 + el246
ed4l18 -> ed465 + B

A -> e7

el428 + C -> e853 + f15

A + £f10 -> e996 + £3

ell63 + £11 -> ell58 + el246
ed418 + £f6 -> e465 + B

A+ f0 -> £f3 + e7

translation scheme: gqian2011_3D_varl.ts



formal input CRN

Interpretation (CRN-bisimulation):

3 species

7 reactions
A ->A + A
A+ A ->A
A +B->B+B
B ->
A+ C ->
(o] ->C+C
c+c->c
A =>A
B =>B
C =>2~0C
e1040 => A, C
ell58 =>
ellé2 =>
ell6e3 =>
el246 =>
eld28 => C
e25 => A
e308 => B
e319 => A, B
e368 =>
e371 => B, B
e372 =>
ed4l8 => B
ed65 =>
e514 =>
e6ll =>
e6ld =>
e61l5 =>
e7 => A, A
e7l => A
e730 =>
e853 =>C, C
e996 => A

interpreted CRN
3 species
7 non-trivial reactions

c+¢C

->

CRN EQUIVALENCE

o

c+cC

B+ B

A+ A

verification CRN
26 species (no fuel species)

32 reactions
C -> eld2s8
e853 -> C
A -> e71
e25 -> A
A + e25 -> e7
e%996 -> A
el428 -> C
e7l -> A
ed65 + B -> e4l8
e6ld -> e6ll + e730
e%996 + C -> e1040
ed465 -> e514 + e368
e308 -> B
e418 + B -> e371
C -> e853
A -> e25
B + e71 -> e319
e7 -> A + e25
el040 -> ell62 + ell63 + ell58
e319 -> B + e71
e308 -> e6l1l4 + e6l1l5 + eb6ll
e371 -> e418 + B
el040 -> e996 + C
B -> e308
e319 -> e372 + e371 + e368
e7 -> A
e853 -> el428 + C
el428 + C -> e853
A -> e996
ell63 -> ell58 + el246
ed4l18 -> ed465 + B
A -> e7

condensed CRN
42 species

32 reactions
fl4 + C -> el428 + f15
e853 + f12 -> C + f13
A+ f4 -> £f3 + e71
f2 + e25 -> A + f1
A + e25 -> f2 + e7
e996 + £3 -> A + f10
eld28 + £f15 -> f1l4 + C
f3 + e71 -> A + f4
ed65 + B -> e418 + £f6
e6l4 + £9 -> e6ll + e730
e996 + C -> el040 + f12
ed65 + £5 -> e514 + e368
e308 + £7 -> £8 + B
ed418 + B -> e371 + f6
C + £f13 -> e853 + f12
A+ f1 -> £2 + e25
B + e71 -> e319 + f£7
f2 + e7 -> A + e25
el040 + f11 -> ell62 + ell63 + ell58
e3l9 + £7 -> B + e71
e308 + £f9 -> e61l4 + e615 + ebll
e371 + £f6 -> e418 + B
el040 + f12 -> e996 + C
f8 + B -> e308 + £f7
e319 + £5 -> e372 + e371 + e368
f3 + e7 -> A + £f0
e853 + f15 -> el428 + C
eld428 + C -> e853 + f15
A + £10 -> e996 + £3
elle3 + f11 -> ell58 + el246
ed418 + £f6 -> e465 + B
A+ £f0 -> £3 + e7

Johnson et al. (2016) - CRN bisimulation equivalence
translation scheme: gian2011_3D_varl.ts

enumerated CRN
360 species

668 reactions



DETAILED VS. CONDENSED ENUMERATION
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translation scheme: srinivas2015.ts



OSCILLATOR ANALYSIS 1/2

Translation scheme pathway decompositon CRN bisimulation
soloveichik2010.ts True True
cardelli2011_FJ.ts False False
cardelli2011_FJ_noGC.ts False True
cardelli2011_NM.ts timeout False
cardelli2011_NM_noGC.ts False True
gian2011_3D_varl.ts True True
lakin2012_3D.ts False False
lakin2012_3D_varl.ts False True
cardelli2013_2D 3l.ts False True
cardelli2013_2D_3l noGC.ts timeout True
chen2013_2D_JF_varl.ts timeout True
lakin2016_2D_3l.ts timeout False
srinivas2015.ts True True

CRN bisimulation equivalence: Johnson et al. (2016)
CRN pathway decomposition equivalence: Shin et al. (2014)
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OSCILLATOR ANALYSIS 2/2
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Translation scheme
soloveichik2010.ts
cardelli2011_FJ.ts
cardelli2011_FJ_noGC.ts
cardelliz011_NM.ts
cardelliz011_NM_noGC.ts
gian2011 3D varl.ts
lakin2012 3D.ts
lakin2012_3D_varl.ts
cardelli2013_2D_3l.ts
cardelli2013 2D 3l noGC.ts
chen2013_2D_JF varl.ts
lakin2016_2D_3l.ts
srinivas2015.ts



FROM A DIGITAL CIRCUIT TO DSD

. # The CRN computes the floor of the squareroot of a four-bit binary number.
Yoy1 = |\/ 423221 | fanout:

# Fanout X3 -> F5 + F6 + F7

i . . X3_OFF -> F5_OFF + F6_OFF + F7_OFF # G16b = F5 AND F8
Y Ton — lon T+ Jon + kon X3_ON ->F5 ON + F6_ON + F7_ON F5_OFF + F8_OFF -> G16b_OFF
X——] . . # Fanout X4 -> F8 + F9 + F10 F5_OFF + F8_ON -> G16b_OFF
k Toff = loff + Joff + koff X4_OFF -> F8_OFF + F9_OFF + F10_OFF F5 ON + F8 OFF -> G16b_OFF
X4 X4_ON ->F8 ON + F9_ON + F10_ON F5_ON + F8_ON -> G16b_ON
Xo j)"_ # G11 = NOT(X1 OR X2) + Fanout G11 -> F14 + F15  # G16 = NOT(F14 AND G16b)
X1_OFF + X2_OFF -> F14_ON + F15_ON F14_OFF + G16b_OFF -> G16_ON
| A N D a te . X1_OFF + X2_ON -> F14_OFF + F15_OFF F14_OFF + G16b_ON -> G16_ON
Y4 . X1_ON + X2_OFF -> F14_OFF + F15_OFF F14_ON + G16b_OFF -> G16_ON
Xs . . X1_ON + X2_ON -> F14_OFF + F15_OFF F14_ON + G16b_ON -> G16_OFF
# G12 = F6 AND (NOT F9) # G17 = F15 OR G12
X4 tof f + Joff =" Yof f F6_OFF + F9_OFF -> G12_OFF F15_OFF + G12_OFF -> G17_OFF
. . . F6_OFF + F9_ON -> G12_OFF F15_OFF + G12_ON -> G17_ON
q) Y2 | lof f + Jon — Yof f F6_ON + F9_OFF -> G12_ON F15 ON + G12_OFF -> G17_ON
j Yy . . F6_ON + F9_ON -> G12_OFF F15_ON + G12_ON -> G17_ON
lon —+ Joff — Yof f r4:¢7\((2)F_F F+7FciF(<) FolFoF # Y1 = NOT(G16 AND G17)
X _OFF -> Y2_OFF G16_OFF + G17_OFF -> Y1_ON
. 7 + ] —y F7_OFF + F10_ON ->Y2_ON G16_OFF + G17_ON -> Y1_ON
Q|an et a| (201 1 ) on on on F7_ON + F10_OFF -> Y2_ON G16_ ON + G17_OFF -> Y1 ON
. F7_ON + F10_ON ->Y2_ON G16_ON + G17_ON -> Y1_OFF

Nuskell

Input: 32 formal reactions.
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



SUMMARY
The CRN-to-DSD compiler Nuskell

e translates formal CRNs to signal and fuel species
= with choice of translation scheme (design algorithm)
e enumerates reactions given signal and fuel species
= detailed vs. condensed semantics
= approximate DNA reaction rates
e verifies equivalence of formal and enumerated CRN
= CRN bisimulation equivalence
= CRN pathway decomposition equivalence
e can be coupled with automated sequence-level design




THE NUSKELL COMPILER PROJECT

High-level languages:
Turing machines, digital circuitry, ...

Y Nuskell 1.0
formal chemical prove/disprove CRN equivalence:
: T€CRN bisimulation
reaction networks i
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- ODE simulations
CRN-to-DSD
translation schemes
domain-level reaction domain-level
specification enumeration reaction networks
sequence design
algorithms Nuskell 2.0
Y Y
_ sequence-level
Sequ.e.nce. level kinetic modeling Sequ_ence_level
specification reaction networks
nucleic acid
synthesis

\J

information processing experimental
nucleic acid network observations
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