Implementing complex CRNs
with modular DNA components

molecular components molecular systems

simple | standard | robust scalable | efficient | collective

molecular programming languages

declare system LTU22:inl +in2 -> outl + out2
import seesaw_1_2

import seesaw_3_1

import threshold_0_1

component gl =seesaw_1_2: int ->inl +in2
component th = threshold_0_1: -> int

component g2 = seesaw_3_1: outl + out2 + fuel -> int

declare component seesaw_1_2:
leftl -> rightl + right2

#H# Structures
structure seesaw_left1 = base + left1: domain ..(((+..)))

versatile | executable| systematic
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synthetic molecular programs

with life-level sophistication

typeP=@,N=7,

declare system Bacterium Q13_7 {
component P_a = P(1, N_al, N_a2);
component N_al = N(7), N_a2 = N(9);
component L_m = L(100);
if (N_al && N_a2) then



Well-mixed CRNs
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Representations of DNA molecules
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Principles of DNA strand displacement circuits

bind: two complementary domains can bind.
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Principles of DNA strand displacement circuits

displace: a domain can displace an identical domain if this extends
existing binding.
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Principles of DNA strand displacement circuits

displace: a domain can displace an identical domain if this extends
existing binding.
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Principles of DNA strand displacement circuits

unbind: any strands held by only a short domain can unbind.
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Principles of DNA strand displacement circuits

unbind: any strands held by only a short domain can unbind.
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Principles of DNA strand displacement circuits

bind: two complementary domains can bind.
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Kinetics of toehold-mediated strand displacement

A+ B—AB—C + D

S1
106/M
1 S1 4 S1 / /S\ T1/ St /s 171 s1 4 _ St
- _ - > = — s =
T1*  S1* 1g6-Lyg 1T ST T1*  S1
URT kery oo=7 (1 <10t
simplify;: A+B——C+D eff = kerr ~ 101/M/s when L < 6
otherwise k s ~ 10°/M/s
. o
collision rate: 10°[4](5] 1s _ L:toeholdlength |T1|
collision success probability: /s 7 105/5
1
net rate of success: 10¢- — 106_L}[A][B] Zhang et al, JACS 2009

Y Srinivas et al, NAR 2013
Kerr

This approximation is valid for low concentrations of A and B (e.g. [A]=[B]=100nM) such that
the unimolecular reaction is sufficiently faster than the bimolecular reaction.



Examples of simple strand displacement circuits

A Fuel
AND C
B -
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Seelig et al, Science 2006



Examples of simple strand displacement circuits
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Can one implement arbitrary CRNs with
DNA strand displacement circuits?

74 ks
_ 1 reaction i1 Xj — X5+ X3 [1]
specles & 3
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Conditions of a successful CRNs implementation

1. logical conditions
R1+R2++Rn—)P1+P2++Pm

a. The reaction pathway much first consume a molecule of each
reactant, and then produce a molecule of each product.

b. The reaction pathway much first become irreversible after all
reactants have been consumed and before any product has been
produced.

2. kinetics conditions

The rate of a reaction scales with the concentration of all reactants.

3. composable conditions

a. All chemical species are implemented with the same form.
b. No fuel or intermediate species crosstalk.
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CRNs to DNA implementation:
a consensus network
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Chen et al, Nature Nanotechnology 2013



CRNs to DNA implementation:
a consensus network
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CRNs to DNA implementation:
a consensus network

= = X=O.2, Y.=0.8
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X+Y = <

K 0
X+B — 2X

k
Y+B — 2Y 0 5 10 157 0 & 1o 1t

Time (hours) Time (hours)

Dashed lines: simulations
Solid lines: experiments

Chen et al, Nature Nanotechnology 2013



CRNs to DNA implementation:
a consensus network
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Chen et al, Nature Nanotechnology 2013



What is the simplest DNA building blocks for
creating CRNs with complex behaviors?

How robustly can DNA-based CRNs scale up?
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Basic reactions in seesaw networks

1. seesawing

input gate:output input:gate output
S S3 ks S1 S3
—
T S2 + S22 T s T S2 + S22 T
— r k, — —> —
T 82¢ T T S2¢ T
2. thresholding
input threshold waste waste
S K S1 52
T S2 + S2 T S2 +
s1* T+ s2° s1* T+ s2*
| T*| = 5nt ks ~ 10°/M/s e
fep > ks kers ~ 101/M/s when L < 6

|s1* T*| = 8nt kr =~ 10°/M/s
otherwise k,¢r ~ 10°/M/s

[output]|;~eo = 0
[output]|ise > 0

\_ L: toehold length )

if [input] |¢=¢ < [threshold] |,
{if [input] |;=g > [threshold] |;=g



Basic reactions in seesaw networks

1. seesawing

input gate:output input:gate output
S S3 ks S1 S3
T S2 + S20 T N — T S2 + S20 T
— e k, — — —
T 82¢ T T S2¢ T
2. thresholding
input threshold waste waste
ST ke s1 s2
T S2 + S2 T S2 +
s1* T+  S2° s1* T+  S2°
3.re PO rting read the output of the computation with fluorescence signal
output reporter F-waste waste
s2 ks S2
T 83+ 83 ,q T 83 + 83 g
— ® F S ‘@ F
™ S3

™ 83*



Seesaw abstraction

A seesaw network has a number of two-sided nodes and a
number of wires. Each node can be connected to any number

of wires on each side. Each wire connects exactly two nodes.
Each node has an identity: i,i € {1, 2,3, ... }

Example:




Seesaw abstraction

1. free Signal x is relative to a standard concentration (e.g. 100nM)
Wi,j

d>id> wirll,_y = h s

2. bound signal

: ] Giij ../
G _ 8 signal w; j bound to
[ i:i’j] ‘t=o - <O T> the right side of gate i
™ Sir T

3. threshold
thl-,j:j

i J
( ‘ >_ _ Sj threshold on gate j
@ [thi’j:j] |t—o - X — to absorb signal w; ;
B si* T*  §j*



Seesaw abstraction

For any node i in a seesaw network:

J1 i k1
j2 k2
Jn Km

forallj € {ji,j,,....jn}and k € { k{, ko, ..., ki }



Seesaw abstraction

standard concentration is 100 nM

Example:
[Gss6)| = 100nM
[wys]| =10nM =0
t=0
S6 ke
S5 T Wys + Gs.56 < G55 + W6
S2 - r
T S5 T S5+ T* )
S
Wys + Gs.57 < Gy5.7 + Ws 7

Ky
Wy s + thy 5.5 —— @




Two types of seesaw gates

1. amplifying gate

[input]| =X [threshold]| =th
t=0 t=0
: X . _ _
input -th| w output [gate.output]|t=0 =w [fuel]‘tzo = 2w
2w ks
fuel (1) input + threshold—— @

K
(2) input + gate:output——input:gate + output

ks
(3) input + gate:fuel «—— input:gate + fuel

pathway (net effect) of (2) and (3) with the above initial conditions:
input + gate:output + fuel—input + gate: fuel + output
simplify: input——input + output when supply of gate:output and fuel last

if x < th, [output]|;5e = 0
{ifx > th, [output]|;5e0 =W



Two types of seesaw gates

1. amplifying gate

input X {-th

if x < th, [output, ]|, = 0, [output,]|;5 =0, ...
{ifx > th, [output,]|;50 = Wy, [output, ]| = Wy, ...



Two types of seesaw gates

2. integrating gate

input, _
! [input, | = X1
t=0
w output .
X input, ] = X,
t=0
input, [gate:output] =w
w>x; + X, t=0
. kS .
input, + gate:output——input,:gate + output

k
input, + gate:output——input,:gate + output

= [output]‘ = x1 + X

t—oo



Two types of seesaw gates

2. integrating gate

input, X4

input, ~X»
: w output

w > in

[output]‘ = z X;
t—oo



Logic gates
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x1+x, > 0.6
X1 +x2 < 0.6
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x y
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Logic gates
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A four-bit square root circuit
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A four-bit square root circuit
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74 circuit components
130 DNA strands (15 to 33 bases each)



A four-bit square root circuit

Vo¥1 = |VXaX3x5%1]
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A four-bit square root circuit
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Simplicity and robustness

g single- or double-stranded A
circuit components
free signal bound signal threshold
_ B ~ o
simulations
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g circuit performance A
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Well-mixed CRNs
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A DNA polymer reaction [--1+x o [---x] +Q

push: [ ]+x->[x]+0 Q is a confirmation signal

[--X] X/
T P T *x T
T p* T tx* T
Q —
+Q T
Q
F4
T Q" T" P
— [--]'x




A DNA polymer reaction [--1+x o [---x] +Q

pop: [x]+Q—-[]+x Q is a query signal




A DNA stack machine implementation

transition rules:
current state, pop symbol, stack number --> next state, push symbol, stack number

Q@ =Q;
[---]@—I—;tfiﬁ [---;{:}E-Jng‘

axri— By
ari— f

Sa + i — Sp + Y
So +1; — S+ Q
SC}:—|_Q _’\’S,S_ij
Sa +Li — S+ Ly

a  — iy
aNl— G N1

L0 o
L4 d



A DNA stack machine implementation

H2 — #3002

#3 SR #101— #2
write O write O #111— #4

on stack 3 on stack H111—H6A1
0 #3 — #103

\ #1
read A 46 H4A — #5122
/ stack 1 \i HS5 — #1133

#5 H4
write 1 write 1
on stack 3 on stack
—_

(#1, 00111, A, A)
(#4, 0011, A, )

(#5, 0011, 1, A)

(#1, 0011, 1, 1)

(#4, 001, 1, 1)

(#5, 001, 11, 1)

(#1, 001, 11, 11)
(#4, 00, 11, 11)

. (#5, 00, 111, 11)
10.(#1, 00, 111, 111)
11.(#2, 0, 111, 111)
12.(#3,0, 1110, 111)
13.(#1, 0, 1110, 1110)
14.(#2, A, 1110, 1110)
15.(#3, A, 11100, 1110)
16.(#1, A, 11100, 11100)
17.(#6, A, 11100,11100)

LN AEWNRE



A DNA stack machine implementation

L #101—> #2 Sy +0, — S,, +Q

#111 — #4 S#1+11_>S#4+Q

on stack 3 on stack #1011 — #6 1 1 S#1+J_1—>S#6+J_1
0

H2 — #302 Sy, + Q —> S5 + 0,
# H3 — #103 Sys + Q —> Sy, + 0,
] A_>#6 HA — #51 2 Sy + Q — S,c + 1,
stac ) #5 — #113 Syc + Q—> Sy, + 1,

Q, «— Q

#5 H4 «—>
write 1 write 1 82 ¢ 3 8
on stack 3 on stack ) 3_ ] ]

...]; + 0, «—[...0],

L)+ e— LA+ Q
..., +0, «—[..0],+ Q,
L)+, e— [+ Q,
. )3+ 05— [...0]5+ Q,
L)+ 1 = [+ Qg



A DNA stack machine implementation

S,. +0, —S,,+Q 1.S4,Q, [1L00111],, [L],, [L]5
Sy t1; — 54+ Q

S#1+J_1—)S#6+J_1 / Q'\
St Q— 5,3+ 0, I

Syz + Q —> Sy + 05 [100111], Q 1, Q,  [L], Q
Sps+Q— S, + 1,

Sys + Q —> Sy + 15 :I< :1< :1<
(Q; «— Q} [L0011], 1, [1PL, 1, [1?L; L,
Qz — Q #
\Q3 «—> Q S

[ ]1+OH[ O]1+Q1 Q "
[..] +1, «— [..1]; + Q,

..., + O «— [.0,+Q, 2 54 Q [10011];, [L];, [L];5

...], 4 12 «— [..1,+Q,

..]3+0; «— [...0];+ Qq

L)s+ 1 = [+ Qg




A DNA stack machine implementation

Sy +0, — S, +Q 1.S,,,Q, [L00111],, [L],, [L]5
S;;+1, —S,,+Q 2.5, Q, [1L0011],, [L],, [L]5
Syrt Ly = Spet Ly [L1], Q,
Sy, +Q—S,5,+0,

S.s+Q—S,,+0, ':<

Sug + Q — Sy + 1,

1 S
S#S + Q — S#l + 13 21%< s
Q,«<—Q

Suq
QZ — Q / Q
]y +0; = [0}, +Q;  [ro011], Q L], Q, [, Q
P 1 «— [..1];+Q,
..], + O2 «— [...0,+Q, :1< :1<' :K
L)+, — [+ Q,
2 + O; —> O§+ Q, [L001], 1, [171, 1, [17L,
3t lye— L]+ Q5 3.5, Q,, [1L0011],, [L1],, [L],



A DNA stack machine implementation

S;;+0,—S,, +Q
S;;+1, —S,,+Q
Syyt L, — S+ 1,
Sy, +Q—S,5,+0,
Sys+Q— S, + 0,
Syt Q— S, +1,

Sys + Q — Sy + 15

Q, «—Q
Q, «— Q
Q3 «— Q
... ]+ 0, — [...
], + 1 — ...
]y F O2 — [...

)3+ 05— [...

1
1

- :2 -

w1, e— |
3
3

I P P

1- S#]_I Q; [J—00111]1I [J—]ZI [J—]3

2- S#4) Q; [J—0011]1) [J—]ZI [J—]3

3.S,., Q,, [10011],, [L1],, [L];

]

[L0011], Q, [L1], Q,

/_I

[L1]; Q,

[J—]3 Q

e L

[LOO1] 1, (L], 1,

4.S,,, Qg [L0011],, [L1],, [L1],

[1714; 13



k k
Well-mixed CRNs X+G:Y<—S>X:G+Y X+Th—]>c®

Fy B gate:output
X T I A v/ L . (Gs.56)
- S input (W, 5) o
% T X' T I AT L ‘ -
. 4 +F, X T S2
e S P ' T S5 T S5 T
T Xt TN I A* T L
Fy == = 7= waste 2
b -x : A
. R L S f
T %X T 1 T _ threshold -
Fd L \j'/:' + waste ——» (Th2 5:5) ue (st)
: ' S5 Sf
T X T A T I
o T e - 1 Time (hours)

Polymer CRNs [ ]+x e [x]+0 Surface CRNs

[x] =[] \Tf -
6’0\\_1¥!_ P T F2
[ x] X [« ]7x ‘

| el
I'r'|""]
=1 1=

W
|—||H
58

=

av]
= =
"rl"U
AE:
=LE
s

j\ /Q‘ complete pathway
T Q" T* P - . x T f 3 x incomplete pathways
F4 o —_— [ ] Iy A - b4
+Q T T P E + x
- : . PR 1 2
Q T PY T x" T tQ Time (hours)



Can we use a DNA nanostructure to organize
symbols and states represented as single-
stranded DNA signals on a surface and serve
as a tape for a molecular Turing machine?

current
left side of the tape head symbol right side of the tape
| |
| i i | |
1t 1t |0t |0 |« R JOR | 1R | 1R

DNA nanostructure

Qian et al, LNCS 2014



Efficient molecular Turing machine

current
left side of the tape head symbol right side of the tape
| |
| | i i |
it |1t ot |0 | « R | OR | 1R | 1R
1t 1t |0t |0 |« R Ok | 1R | 1R

R

transition rule: {a, 1} = {B, 0} @ a+ 1R > g+ 0

1|1t |o- | o | B | OR|OR|1IR| IR

1t 11t ot ot |B |o* [orR | 1R | 1R




Efficient molecular Turing machine

current
left side of the tape head symbol right side of the tape

| | Iiil |

1L 1L OL OL B OR OR 1R 1R

1t 11t |o- ot |B |or [o”R | 1R | 1R

" L+ 0% >0 +a
transition rule: - {a,+
By - @+ {ﬁHRﬂLH

ittt ot ot |0 | a | OF| 2R | 1R

it 1t ot ot |0t |a |OR | IR | 1R




How do we cooperatively change two
neighboring signals on a surface?

A+B—->C+D

Surface-based formal bimolecular reaction



How do we change a signal on a surface from
an original state to a new state?

A—->B

>
v
o

Surface-based formal unimolecular reaction



Implementation of well-mixed
formal unimolecular reaction

A—B F.

B
AT I B T L
- e e e e
T* +A* T* I* _B* T* L*
. A
A ) A
E ‘A I1 - OI +
A B
T A I B T L
= — e e
T'k +A'k T*‘ JOI* _B‘k T* L‘k
F, 22 5 l\$ waste ———»
I2 —A B +B
T AT I B L
— —>
<
T'k +A'k T* I* _B* T'k L‘k
F T L |
4§ — q
A
T AT I B T L
waste = —
T* +A* T* I* _B* T* Li'



Implementation of well-mixed
formal unimolecular reaction

A—>B

Fi

A T T B T 1L
. >—> ——
T *A* T* I* B T* 1L
o +B
| A | B



Implementation of surface-based
formal unimolecular reaction

A—>R, R,—>B
A—>B
Ra Ra:: Ry
x
—3
*Tz* X B
X || x
Ty A
A
A
<
T, A
X || x
T, VT,
three way initiated

four way branch migration



Implementation of surface-based
formal unimolecular reaction

R,—»>B
A—>B
Rai:Ra
x
—_—
*Tz* X B
Ra
X || x
T, A
-
T, A
X || x
A
T VT,
three way initiated

\ \ four way branch migration




Implementation of surface-based
formal unimolecular reaction

R,—»>B
A—>B
Rai:Ra
x
—_—
*Tz* X B
Ra
X || x A
T, A
-
T, A
X || x
T VT,
three way initiated

\ \ four way branch migration




Implementation of surface-based
formal unimolecular reaction

R,—»>B
A—B

Ra
A
T, X ||x A
<€
T, X |]|x A
T VT,
three way initiated

\ \ four way branch migration




Implementation of surface-based
formal unimolecular reaction

R,—»>B
A—B

Ra
T, X X A
<€
T X g |V X A

three way initiated

\ \ four way branch migration




Implementation of surface-based

formal unimolecular reaction

A—>B

RA
Ra
T, X
<€
T X
1 T2

R,—»>B
Ry
5
—_—
*Tz* X B
A
X A
<
T, X A

three way initiated
four way branch migration



Implementation of surface-based
formal unimolecular reaction

A—>B

X A
Ra Ra:: Ra <

T, X A

T, X X
>
< [ —
T X
1 T, ', B

three way initiated

\ \ four way branch migration




Implementation of surface-based
formal unimolecular reaction

A—>B
Ra
A
X A’
RA RA* <
T, X A
T, X X
>
E i
T, X 7, |V, X B

three way initiated

\ \ four way branch migration




Implementation of surface-based
formal unimolecular reaction

A—>B
Ra
Ry: ' Ry
A
T x||x X A
> <
<€ .
T, x|[x B T2 X A
T VT,
three way initiated

\ \ four way branch migration




Implementation of surface-based
formal unimolecular reaction

A—>B
Ra
Ra: iRy
X || x
. A
T |y
<
T, B X A
<€
XX T, X A
T VT,
three way initiated

\ \ four way branch migration




Implementation of surface-based
formal unimolecular reaction

A—>B
Ra
T, X R
B
X Ry’
A
B
<
T, B X A
<€
XX T, X A
T VT,
three way initiated

\ \ four way branch migration




Implementation of surface-based
formal unimolecular reaction

= R Ry—- B three way initiated
4 four way branch migration
—  — >
A - RA &
Z
— 1
A-B

complete pathway

Output

v 0.8 A->B -
L <& \
} B 67 7

incomplete pathways |

N o

0 1 2 3
Time (hours)




Implementation of surface-based

formal bimolecular reaction

(A+B - Ryp

A+B->C+D

B

o

-




Continuously active logic circuits with surface CRNs

B | BW NOT gate

B
ON* + BNY — BN¥ 4 1N
ﬂ OR gate BY| B 1N* 4 BNY — BN* 4 oNY
(OY* 4 QYY 5 BY~ 4 Ouk
oY* 4+ 1YY 5 BY* 4+ 1Uk

< 1Yx 1 oYY 5 BYx 4 1Uk L
1Yx 1 1Yy , BUx 1Uk

Ouk + BYZ 5 BYY 4 VZ

\ 1Uk + BYZ 5 BYY 4 1YZ

A square-root circuit on DNA origami:

B |B™|B™|B™| B

B AND gate

(0NX 4 0"Y - BNX 4+ Oﬂk
0Nx 4+ 1Ny - BNx 4 Oﬂk

< 1nx+ony_)an+Onk | |
1NX 4 1Ny 5 BNX 4+ 1ﬂk

0"k + B"Z -, B 4+ 9"z bluessites: OR, sites: AND, sites: NOT

| 1" + B"Z - B + 177 grey sites: wires, outlined sites: inputs or outputs




Dynamically-updating cellular automata with
Surface CRNs

T=0 1AL OAR
o

C

T=2 EL OBL 1BR

T=3 EL OAR 1BL

T= 4 = L OAL OAR

1BL

1BR

T=5 EL OBR OAL

1AR

18L

2BR

2AL

transition rules for sorting numbers between 0 to 3:

{0,0} - {0,0} {0,1}->{0,1} {0,2} > {0,2} {0,3} - {0,3}
(1,0} = {0,1} {1,1}={1,1} {1,2}-{1,2} {1,3}-{1,3}
{20 -1{0,2} {21} -{1,2} {2,2}->{22} {2,3}-{23]}
3,0;-{0,3} {3,1}-{1,3} {3,2}>{23} {3,3}-{3,3}

each transition rule

{x,y} - {x",y"}
is implemented with:

XAL 4 yAR 5 x*BR 4 54
XBL 4 yBR _ x*AR 4 1)*B

edge conditions for
each state x are
implemented with:

EL + x4R — EL + xAL
EL + xBR - EL + xBL
xAL4+ ER — xBR4 ER
xBL+ ER — xAR4 ER

L
L



Well-mixed CRNs

ks
X+G:YeoX:G+Y

kf
X+Th-0

F, " gate:output —] SRR =L fx4x3x2x1J
% g 1, a1/, input (wyo)  0559) X
« o ke 25 s6 ,
S °{? otk S2 e IT X :
e S T o TS5 Toss T X 4
T *X 1 a1/ L !
= [ Y AN “\ 5 , -6 l )
T}t T? I* -AF T T T y2
F, (L tﬁl\k““‘ waste —— 2 X4X3%X,=1001 y,y,=11
by T A 2\‘
T X T I A L A T o f oo
T = threshold )
T X T I A" T L
Fy L %’) waste ——— (Th2!5:5) fuel (Ws'f)
-x = .Y
T XOT I A T L
=z — " S5 T
waste .T_ e e s2* T S5 Time (hours)
Polymer CRNs []+x e [x]+0 Surface CRNs
— R, Ry —= B
A- Ry | —
—_—

0.8

-\ A-B |
F 08} complete pathway |

=
O 04 incomplete pathways |

X y 0 1 2 3

Time (hours)



Forward thinking and backward thinking

Given a computational task, how can we
implement it with CRNs?

Given a few types of chemical reactions with
experimentally successful implementations,

what kind of interesting computational tasks
can be performed?



1. What kind of interesting computational
tasks can be performed with the following
types of well-mixed reactions?

X+G: Yo X:GH+Y
X+Th- 0

Feed-forward logic circuits: Qian et al, Science 2011
Neural networks (linear threshold circuits): Qian et al, Nature 2011

X+Y+Th-0Q
Th1,2:3,4

<2
s1* T S2* S4
Linear 1/O systems: Qishi et al, IET Syst. Biol. 2011

S2 S4*  T* s3*
=




2. What kind of interesting computational
tasks can be performed with the following
types of polymer reactions?

Stack machines: Qian et al, LNCS 2011

ex]ty e [xy]+ 0
x] +vy e [xy] + Q




3. What kind of interesting computational
tasks can be performed with the following
two types of surface reactions?

A-X
A+B-X+Y

Sequential logic, Turing machines, cellular automata : Qjan et al, LNCS 2014
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