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= Adenine

= Thymine

= Cytosine

= Guanine

= Phosphate
    backbone

DNA

 

= long domain

= short domain

DNA

    = 3' end

    = 5' end

b

a* b*

b

b*

a*



3

DOMAIN-LEVEL STRAND DISPLACEMENTDOMAIN-LEVEL STRAND DISPLACEMENT
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MANY EXPERIMENTAL DEMONSTRATIONS ...MANY EXPERIMENTAL DEMONSTRATIONS ...
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... MANY MORE POTENTIAL APPLICATIONS.... MANY MORE POTENTIAL APPLICATIONS.

0 
0

20 40 60 80 100 hr 

nM 

nM
Oregonator (limit cycle oscillator) Rössler (chaotic) 

Incrementer state machine (algorithmic)2-bit pulse counter
(digital circuit)

nM 

nM 

hr

30

60

0

30

60

x

x(0)+y(1) onw

onw+w(0) onw+w(1)

y logic

where 

where thresholding catalyzed by clk1

an
yt

im
e

z

w(0)+w(0) offz
w(1)+w(1) onz

onz+z(0) onz+z(1) 
offz+z(1) offz+z(0) 

x(1)+w(1) x(1)+w(0) 
y(0)+w(1) y(0)+w(0)

10

20

0 20 40 60 80 100

10

20

0 

0

0 50 100 150 200 250

1
2
3
4
5

dual rail 
representation: 

species value 
x(0) x(1) 
high low 0 
low high 1 

x 

v1 v2 + v3 
c1 c2 + c3 

v2 + c2 

w2 w1 

r1 r2+ r3 

r2 + v2 d + v2 
d + v1 

c2 + r2 c2+ i + w1 
i + w1 i + v1+ w2 

v2 
c2 

i 

v3 v1 
c3 c1 
r3 r1

v > 0? 

v:=v-1 

yesno 

w:=w+1 
v:=w

v:=0 
w:=0 

catalyzed by clk2 catalyzed by clk3 

clk1 

clock made 
from chemical 

oscillator: 

clk2 clk3

A B 

C D
hr hr 0 10 20 30 40

1
2
3
4
5

Chemical Reaction Networks (CRNs)

Soloveichik et al. (2010) - DNA as a universal substrate for chemical kinetics



8
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FROM CRN TO DSD SYSTEMSFROM CRN TO DSD SYSTEMS

Cardelli (2011)Soloveichik 
et al. (2010)

Qian et al. (2011)Lakin 
et al. (2012)

Chen et al. (2012), Cardelli (2013), Srinivas (2015), Lakin et al. (2016),  ...

Images drawn using the DNA strand displacement analysis so�ware VisualDSD:
Philipps & Cardelli (2009), ..., Spaccasassi et al. (2017)
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A CRN-TO-DSD COMPILERA CRN-TO-DSD COMPILER
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THE CENTRAL COMPONENT: PEPPERCORNTHE CENTRAL COMPONENT: PEPPERCORN
CRN trajectory 
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A secondary structure is a list of base pairs, where:

THERMODYNAMIC ENERGY MODELTHERMODYNAMIC ENERGY MODEL

A base may participate in at most one base pair
Base pairs must not cross (no pseudoknots)
Only specific base-pairs (GC, AT, GT) are allowed.
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REACTION TYPES & APPROXIMATE RATES 1/2REACTION TYPES & APPROXIMATE RATES 1/2
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REACTION TYPES & APPROXIMATE RATES 2/2REACTION TYPES & APPROXIMATE RATES 2/2
Figure from

 Kotani & H
ughes (2017)
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POLYMERIZATIONPOLYMERIZATION
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CONDENSED REACTION RATESCONDENSED REACTION RATES
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AUTOCATALYTIC SYSTEMAUTOCATALYTIC SYSTEM

Kotani & Hughes (2017)
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MANY SYSTEMSMANY SYSTEMS
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CRN EQUIVALENCECRN EQUIVALENCE

A     -> A + A
A + A -> A
A + B -> B + B
B     ->
A + C ->
C     -> C + C
C + C -> C

Johnson et al. (2018) - CRN bisimulation equivalence 
translation scheme: qian2011_3D_var1.ts
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CRN EQUIVALENCECRN EQUIVALENCE

A     -> A + A
A + A -> A
A + B -> B + B
B     ->
A + C ->
C     -> C + C
C + C -> C

f14 + C -> e1428 + f15
e853 + f12 -> C + f13
A + f4 -> f3 + e71
f2 + e25 -> A + f1
A + e25 -> f2 + e7
e996 + f3 -> A + f10
e1428 + f15 -> f14 + C
f3 + e71 -> A + f4
e465 + B -> e418 + f6
e614 + f9 -> e611 + e730
e996 + 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 -> e1162 + e1163 + e1158
e319 + f7 -> B + e71
e308 + f9 -> e614 + e615 + e611
e371 + f6 -> e418 + B
e1040 + f12 -> e996 + C
f8 + B -> e308 + f7
e319 + f5 -> e372 + e371 + e368
f3 + e7 -> A + f0
e853 + f15 -> e1428 + C
e1428 + C -> e853 + f15
A + f10 -> e996 + f3
e1163 + f11 -> e1158 + e1246
e418 + f6 -> e465 + B
A + f0 -> f3 + e7

Johnson et al. (2018) - CRN bisimulation equivalence 
translation scheme: qian2011_3D_var1.ts
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CRN EQUIVALENCECRN EQUIVALENCE

A     -> A + A
A + A -> A
A + B -> B + B
B     ->
A + C ->
C     -> C + C
C + C -> C

f14 + C -> e1428 + f15
e853 + f12 -> C + f13
A + f4 -> f3 + e71
f2 + e25 -> A + f1
A + e25 -> f2 + e7
e996 + f3 -> A + f10
e1428 + f15 -> f14 + C
f3 + e71 -> A + f4
e465 + B -> e418 + f6
e614 + f9 -> e611 + e730
e996 + 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 -> e1162 + e1163 + e1158
e319 + f7 -> B + e71
e308 + f9 -> e614 + e615 + e611
e371 + f6 -> e418 + B
e1040 + f12 -> e996 + C
f8 + B -> e308 + f7
e319 + f5 -> e372 + e371 + e368
f3 + e7 -> A + f0
e853 + f15 -> e1428 + C
e1428 + C -> e853 + f15
A + f10 -> e996 + f3
e1163 + f11 -> e1158 + e1246
e418 + f6 -> e465 + B
A + f0 -> f3 + e7

C -> e1428
e853 -> C
A -> e71
e25 -> A
A + e25 -> e7
e996 -> A
e1428 -> C
e71 -> A
e465 + B -> e418
e614 -> e611 + e730
e996 + C -> e1040
e465 -> e514 + e368
e308 -> B
e418 + B -> e371
C -> e853
A -> e25
B + e71 -> e319
e7 -> A + e25
e1040 -> e1162 + e1163 + e1158
e319 -> B + e71
e308 -> e614 + e615 + e611
e371 -> e418 + B
e1040 -> e996 + C
B -> e308
e319 -> e372 + e371 + e368
e7 -> A
e853 -> e1428 + C
e1428 + C -> e853
A -> e996
e1163 -> e1158 + e1246
e418 -> e465 + B
A -> e7

Johnson et al. (2018) - CRN bisimulation equivalence 
translation scheme: qian2011_3D_var1.ts
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CRN EQUIVALENCECRN EQUIVALENCE

f14 + C -> e1428 + f15
e853 + f12 -> C + f13
A + f4 -> f3 + e71
f2 + e25 -> A + f1
A + e25 -> f2 + e7
e996 + f3 -> A + f10
e1428 + f15 -> f14 + C
f3 + e71 -> A + f4
e465 + B -> e418 + f6
e614 + f9 -> e611 + e730
e996 + 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 -> e1162 + e1163 + e1158
e319 + f7 -> B + e71
e308 + f9 -> e614 + e615 + e611
e371 + f6 -> e418 + B
e1040 + f12 -> e996 + C
f8 + B -> e308 + f7
e319 + f5 -> e372 + e371 + e368
f3 + e7 -> A + f0
e853 + f15 -> e1428 + C
e1428 + C -> e853 + f15
A + f10 -> e996 + f3
e1163 + f11 -> e1158 + e1246
e418 + f6 -> e465 + B
A + f0 -> f3 + e7

C -> e1428
e853 -> C
A -> e71
e25 -> A
A + e25 -> e7
e996 -> A
e1428 -> C
e71 -> A
e465 + B -> e418
e614 -> e611 + e730
e996 + C -> e1040
e465 -> e514 + e368
e308 -> B
e418 + B -> e371
C -> e853
A -> e25
B + e71 -> e319
e7 -> A + e25
e1040 -> e1162 + e1163 + e1158
e319 -> B + e71
e308 -> e614 + e615 + e611
e371 -> e418 + B
e1040 -> e996 + C
B -> e308
e319 -> e372 + e371 + e368
e7 -> A
e853 -> e1428 + C
e1428 + C -> e853
A -> e996
e1163 -> e1158 + e1246
e418 -> e465 + B
A -> e7

C     -> C
C + C -> C
A     -> A
A     -> A
A + A -> A + A
A     -> A
C     -> C
A     -> A
B     -> B
      -> 
A + C -> A + C
      ->
B     -> B
B + B -> B + B
C     -> C + C
A     -> A
B + A -> A + B
A + A -> A + A
A + C ->
A + B -> B + A
B     -> 
B + B -> B + B
A + C -> A + C
B     -> B
A + B -> B + B
A + A -> A
C + C -> C + C
C + C -> C + C
A     -> A
      ->
B     -> B
A     -> A + A

     A => A
     B => B
     C => C
     e1040 => A, C
     e1158 => 
     e1162 => 
     e1163 => 
     e1246 => 
     e1428 => C
     e25 => A
     e308 => B
     e319 => A, B
     e368 => 
     e371 => B, B
     e372 => 
     e418 => B
     e465 => 
     e514 => 
     e611 => 
     e614 => 
     e615 => 
     e7 => A, A
     e71 => A
     e730 => 
     e853 => C, C
     e996 => AIn

te
rp

re
ta

tio
n 

(C
R

N
-b

is
im

ul
at

io
n)

:

A     -> A + A
A + A -> A
A + B -> B + B
B     ->
A + C ->
C     -> C + C
C + C -> C

Johnson et al. (2018) - CRN bisimulation equivalence 
translation scheme: qian2011_3D_var1.ts
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FROM A DIGITAL CIRCUIT TO DSDFROM A DIGITAL CIRCUIT TO DSD

Qian et al. (2011)

Input for the nuskell compiler: 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

Badelt, Shin, Johnson, Dong, Thachuk and Winfree: A general-purpose CRN-to-DSD compiler with
formal verification, optimization, and simulation capabilities. LNCS (2017)
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... that can be rigorously analyzed 
within the domain of the thermodynamic energy model.

 
formal verification, choose optimal translation scheme,

simulation using approximate reaction rates

CONCLUSIONCONCLUSION
STRAND DISPLACEMENT IS A KINETIC TOOLBOX ...STRAND DISPLACEMENT IS A KINETIC TOOLBOX ...
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CASE STUDIES: AUTOCATALYTIC SYSTEMCASE STUDIES: AUTOCATALYTIC SYSTEM

INF

# parameters MCS RC + T C DR RM CR
1 release-cutof = 8 10 16 + 159 556 14 15
2 kslow = kfa st = 10− 3 16 13 + 82 265 10 11
3 kslow = kfa st = 10− 4 10 16 + 164 599 14 15
4 kslow = 10− 4 , kfa st = 10− 3 16 20 + 164 488 17 22
5 kslow = 10− 4 , kfa st = 10− 2 24 55 + 1426 6628 28 62
6 kslow = 10− 5 , kfa st = 10− 2 24 55 + 1426 6652 28 75


