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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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MANY EXPERIMENTAL DEMONSTRATIONS ...

4
2 3 Z
W (Waste)

Intermediate 15
2 3/ 4
4

"2 3 45

1 2
oB (Output)\(
1 v
\N 2 3/ 4 5

5

2 3 45
Intermediate 14

1
2 4 5
T2 535
2 3 4 Intermediate 13

F (Fuel)

OB (Output) 12

ROX 1 2a
OR (Reporter) RQ%
1 2ab

Fluorescence (arbitrary units)

k e
>iox< RQ"7 2ab
ROX { 2

(Catalyst *

Intermediate 12

634
SB (Signal)

1 2

12

2\ Fluorescence

1x (10 nM)
0.5x
T 0.2x
0.1x

0.05x

Zhang et al.

time (hr)

2

(2007)

1

1 waste waste N

| o8 \:

Igoe _X1 0 1 0 1
18-

: 8 0.4 threshold

|02 .

1 o X

! 0 02040608 1 'npm

\ Input

: gate: fue/ gate:output X3

1

1

1

1

: X, 0111110
' fuey \iiput:gate output

: — ~ AlB|C[D

Qian, Winfree, Bruck (2011)

b
(W, ,] = 3.6 "M
‘ X5l =5nM
i P
Xy T
T Xy T il
(XF,g) = 7.2 nM
Xae T
W,e,] = 6.2 nM
182 o [X;;1 =5nM
Xy T /
wv-' :w;: T X,
[XF 61 = 12 4 nM
. s T
B ]
0.02 0.04 0.06 0 W1

Cherry & Qian (2018)



... MANY MORE POTENTIAL APPLICATIONS.

Chemical Reaction Networks (CRNSs)
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DSD IS A KINETIC TOOLBOX

... but how do you model your DSD system?

e perhand

PY ViSU 3 [ DSD Phillips & Carelli (2009), ..., Sparcassi et al. (2018)

e other models Kawamata et al. (2012), Mokhtar et al. (2017), ... ?

You specify the reaction types. You specify the reaction
rates. You may include all(?) types of pseudoknotted
conformations, and even non-DSD reactions
(e.g. enzyme cleavage reactions).

... SO you better know what you are doing.



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
abcb*rdefgh+h*f*ijkl+Il*mj*rnop+qgt
R O I S (P O 2 I I GV O I N e L s

c) "kernel" notation
ablc)dlef(gh(+))1j(k1l(+)m)nol(p+qgl+




DSD IS AKINETIC TOOLBOX ...

... that can be rigorously analyzed

within the domain of the thermodynamic energy model.

The Peppercorn software package:

B reaction enumeration

m reaction condensation

m approximate DNA reaction rate model
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REACTION TYPES & APPROXIMATE RATES 1/2
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11



REACTION TYPES & APPROXIMATE RATES 2/2
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WHAT ARE THE CHALLENGES?

e polymerization
=> timescale separation
e size of the enumerated network

=> condensation
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MODEL PARAMETERS

negligible reactions slow reactions fast reactions

bimolecular [/M/s] bind21

M rate-independent model: simple, one parameter: L
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MODEL PARAMETERS

negligible reactions slow reactions fast reactions

bimolecular [/M/s] bind21

kslow < kuni < kfast
k'slow kaSt

kunz' > kfast

unimolecular [/s]  kuni < Esiow

M rate-independent model: simple, one parameter: L
] rate-dependent model: flexible, two parameters: k-slow, k-fast
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ENUMERATION / CONDENSATION




ENUMERATION / CONDENSATION
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ENUMERATION / CONDENSATION
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Peppercorn rate constant [/M/s]
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CASE STUDIES: CONDENSED REACTION RATES

Zhang and Winfree (2009) Dabby (2013)
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CASE STUDIES: AUTOCATALYTIC SYSTEM
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CASE STUDIES: AUTOCATALYTIC SYSTEM
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Concentration D [nM]

CASE STUDIES: AUTOCATALYTIC SYSTEM

# | parameters MCS|RC + TC DR |[RM CR
1 [release-cutof = 8 10 |16+ 159 556 | 14 15
2 |Kkgow = Keast = 10°3 16 | 13+ 82 265| 10 11
3 | Kksgow = Krast = 1074 10 |16+ 164 599 | 14 15
4 Kgow = 1074, keast = 1073|| 16 |20 + 164 488| 17 22
5 | Ksiow = 10_4, ast = 1072|| 24 |55 + 1426 6628| 28 62
0 |Ksiow = 10_5, keast = 1072|| 24 |55 + 1426 6652| 28 75
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CASE STUDIES: SEESAW SYSTEMS
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CASE STUDIES: SEESAW SYSTEMS

Superimposed squareroot circuit simulations.
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Regular toehold binding energy: 1.7 kcal/mol/nucleotide. () Adjusted toehold binding energy: 2.1 kcal/mol/nucleotide.

105.0

Name
Sup. Fig. 22: Single catalyst, no threshold
Sup. Fig. 23: Single catalyst and threshold
Fig. 2C: Two-input OR gate

Fig. 2C: Two-input AND gate

. Fig. 26: Three-layer OR cascade

. Fig. 27: Four-layer OR cascade

. Fig. 28: Five AND/OR gates, four layers
. Fig. 29: Four-input OR gates

. Fig. 29: Four-input AND gates

. Fig. 31: Integer 4-bit squareroot circuit
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Sup. Fig. 22: Single catalyst, no threshold
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Fig. 2C: Two-input OR gate
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Fig
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. 26: Three-layer OR cascade

. 27: Four-layer OR cascade

. 28: Five AND/OR gates, four layers
. 29: Four-input OR gates

. 29: Four-input AND gates

. 31: Integer 4-bit squareroot circuit
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Peppercorn completion time [s]
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CASE STUDIES: MANY SYSTEMS

10° 10° 10
Experimental completion time [s]

* % % %

»

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.
2010) Fig.
2010) Fig.
2010) Fig.
2010) Fig.
2010) Fig.
2010) Fig.

Zhang & Winfree
Zhang & Winfree
Zhang & Winfree
Zhang & Winfree
Zhang & Winfree
Zhang & Winfree

Py

5 - Catalytic DSD system (varying toehold lengths)

3A - Catalytic DSD system with 100 nM substrates (varying catalyst)

3B - Catalytic DSD system 30 nM substrates (varying catalyst)

3C - Catalytic DSD system with 3 nM substrates (varying catalyst)

3D - Catalytic DSD system with 1 nM substrates (varying catalyst)

10C -- Catalytic DSD system with four-letter alphabet (varying catalyst)

10F -- Catalytic DSD system with three and four-letter alphabet (varying catalyst)

Zhang (2011) Fig. 3A (?) - Cooperative strand displacement

Kotani & Hughes (2017) Fig.
Kotani & Hughes (2017) Fig.
Kotani & Hughes (2017) Fig.

2 - Single-layer catalytic DSD with 4-way branch migration (varying catalyst)
3 - Two-layer feedforward DSD system with 4-way branch migration (varying catalyst)
4 - Autocatalytic DSD system with 4-way branch migration (varying autocatalyst)
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CASE STUDIES: REACTION COMPLETION

d)

Peppercorn completion time [s]

Genot et al. (2011)
remote-toehold strand displacement

Fig. 3: a=14, b=22, varying: n, m
Fig. 4A: n=m=0, varying: a=11 a=9)
Fig. 4B: n=m=1, varying: a=11 a=9)
v Fig. 4C: n=m=0, a=6, varying: [invader]p
v Fig. 4D: n=m=17, a=14, varying: [invader]g
Sup. Fig. 4A: a=14, b=22 varying: n,m
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CASE STUDIES: SEESAW SYSTEMS

/ shorthand notation \

Ca&Sﬁ S6

S5 T

L L
r \r 1

ACTTCAAACCACCACTCTAC
Frrrrerrrrrrrrrrrrnd
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—

L J\ JL J
T T T

T S5* T
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r 1

ACTTCAAACCACCAC
FErrrrrrrrrrrrd
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NERERR RN
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—_ >
lc* t*“c* cflt* cf
T S5* T
Th2,5:5
S5
IC Cl
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Qian & Winfree (2011) - Supporting Online Material
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o o Superimposed squareroot circuit simulations.
Temperature: 25 °C Yy & m% p P q
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REACTION RULES

a) r . b) r - . " d)—r)_ ? r r 2 r
.=~ . » —— . _.___
roo? % 17 37—’ e AT I E R T TTTTTTTTTIN
- rx = rx = 2 r* i P
bindll: r ? r* — r( ? ) open: r( ? ) — r ? r¥ 3-way-fw: r*( ?2 r ? ) — r*x( ? ) ? r
<) ?or ? «lr ? . r ? r r__.72 r
S 7 I b I RIEEN T Y ?
P vl T -yt TS Sl L T ST -’ — -
= 7 rk ? r
bind21l: [? r ?] + [? r* ?] — [?2 r( ? + ? ) ?] 3-way-bw: r( ? r? ) — r ?r(?)
® . - r* [N P ? r - O [N
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CRN CONDENSATION

____IM-----I i“__c__c_*_"l —> fast (1,1) reaction I:_\} resting macrostate
c I | b| d. | T
/ 1 ' | . r—
5 Qf o . ! L___R_:l'g___l: A fast (1,2) reaction I\_J transient macrostate
b* I ———————— — "u.!.""‘ .
| \ b i slow (2,1) reaction {} set of fates
detailed reactions:

RO + RC1 -> TC1
TCl -> RO + RC1

TCl -> TC2
TC2 -> TC1
TC2 -> TC3
TC3 -> TC2

TC1 -> R11 + R12
TC3 -> R31 + R32
condensed reactions:

RO + RM1 -> R11 + RI12
RO + RM1 -> R31 + R32
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REACTION ENUMERATION

e allinitial complexes are included

e every complex has all fast reactions enumerated

e transient complexes have no slow reactions enumerated

e resting complexes have all slow reactions enumerated

valid according to enumeration semantics:

rate-dependent model

rate-independent model

max-helix semantics: reaction types are greedy

reject-remote semantics: exclude remote-toehold branch migration
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A . t a t Ka t a t
+ € ’ 1111 .
B - 5 = K t* b t*

SEPARATION OF TIMESCALES

unimolecular reactions are fast
bimolecular reactions are slow

resting complexes transient complex

ko ks
{X— A+ B; A+ B— X}

at low concentrations:

ks|A||B] << kqy|X]

37



