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The power of natural
evolution lies in the
adaptability of
biological organisms but
IS constrained by the
time scale of genetics
and reproduction.




Engineering artificial
molecular machines
should not only include
adaptability as a core
feature but also apply it
within a larger design
space and at a faster
time scale.




Modular electromechanical robots

CEBOT (Fukuda et al. 1988)
Crystalline (Rus et al. 2001)
MTRAN (Murata et al. 2002)
PolyBot (Yim et al. 2002)
Programmable Parts (Klavins et al. 2005)
Molecubes (Zykov et al. 2005)
SuperBot (Shen et al. 2006)
Miche (Rus et al. 2006)

SMORES (Davey et al. 2012)
M-Block (Romanishin et al. 2015)
ModQuad (Saldana et al. 2018)




Future cell-scale molecular robots
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self-reprogramming SRS ol
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circuits attached to DNA origami tiles




Concept of DNA tile displacement

. released tile
/

mvader tile

branch migration

m:ﬁ




A tic-tac-toe game

LY

Philip Petersen Greg Tikhomirov
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Petersen, Tikhomirov, and Qian, Nature Communications (2018)



Modular reconfiguration of DNA origami assemblies

sword handle

hairpin
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A simple tile displacement reaction

CT:BT + Inv = Inv:BT + CT

T“-"—E? J .
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A simple tile displacement reaction

AL, \
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How many unique tile displacement reactions can
be created using a square DNA origami tile that has
a given width and a given scaffold sequence?

l==[[“| |[[_£l : A
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How many unigue strand
displacement reactions can
be created using a gate
strand that has a given
length and sequence?

n unique reactions:
Xi—>Y,wherel <i<n

toehold = 6 nucleotides
branch migration = 16 nucleotides

X1

T1

input <

Y1l

X1

output <=

X1«

> ate
T1x g



How many unigue strand
displacement reactions can
be created using a gate
strand that has a given
length and sequence?

n unique reactions:
Xi—>Y,wherel <i<n

toehold = 6 nucleotides
branch migration = 16 nucleotides

34-nucleotide gate = 3 reactions

X1 T1

Y1l X1

X1=* T1x

X2 12

Y2 X2

X2 T2x Tl=

X3 T3

Y3 X3

>

X3* T3x T2+% T1x



How many unigue strand

: : 22-nucleotide gate = 1 reaction
dlsplacement reactions can

be created using a gate _ox_m
strand that has a given g "
length and sequence? ) —

n unique reactions:
Xi—>Y,wherel <i<n

toehold = 6 nucleotides
branch migration = 16 nucleotides



How many unique tile displacement reactions can
be created using a square DNA origami tile that has
a given width and a given scaffold sequence?
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How many unique tile displacement reactions can
be created using a square DNA origami tile that has
a given width and a given scaffold sequence?

22-helix tile width = 1,104 reactions
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How many unique tile displacement reactions can
be created using a square DNA origami tile that has
a given width and a given scaffold sequence?

4 edge identities = 4 reactions

S ey o
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How many unique tile displacement reactions can
be created using a square DNA origami tile that has
a given width and a given scaffold sequence?

4 edge identities = 4 reactions
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Same type of toehold and
branch migration domains

giving giving
il branch migration domain toehold
== e —
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Mixed types of toehold and
branch migration domains

giving receiving
. branch migration domain toehold
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Mixed types of toehold and

branch migration domains 4 toehold identities X 4 branch

migration identities = 16 reactions

giving receiving
. branch migration domain toehold
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All four giving and receiving combinations of toehold
and branch migration domains exhibited similar kinetics

G-G: giving toehold
giving branch migration

£l

Sl |
o =
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_llirs Inv (2x)
S
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R-R: receiving toehold
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How many unique tile displacement reactions can
be created using a square DNA origami tile that has
a given width and a given scaffold sequence?

N;¢: Number of toehold identities
Ny, : Number of branch migration identities for a given toehold

Number of distinct reactions: N = N; X Ny,

N.| N, N
G-G 4 1 4
R-R 4 1 4
G-R 4 4 16
R-G 4 4 16
Total 40

Giving toehold — Receiving branch migration
Receiving toehold — Giving branch migration



Continuous and discontinuous toeholds

exhibited similar kinetics

continuous toehold
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Continuous and discontinuous toeholds
exhibited similar kinetics

A discontinuous toehold is

. H H h I . .
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Continuous and discontinuous toeholds
exhibited similar kinetics

continuous toehold
Al
Sl 2L
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discontinuous toehold
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comparison it has much
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Continuous and discontinuous toeholds
exhibited similar kinetics

continuous toehold discontinuous toehold
2. 2N
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24 )/ S mismatch elimination in

?( ?( ?( ?( strand displacement, but in
comparison it has much

FETET B
faster kinetics. Why?
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How many unique tile displacement reactions can
be created using a square DNA origami tile that has
a given width and a given scaffold sequence?

N;¢: Number of toehold identities

Ny, : Number of branch migration identities for a given toehold

Np: Number of toehold locations

Number of distinct reactions: N = N; X N, X N,

Ne| Np| N, N
G-G 4 1 1 4
R-R 4 1 1 4
G-R 4 41 17| 272
R-G 4 4, 17| 272
Total 552

Toeholds consist
of 3 outof 11
edge staples, no
two share more
than one staple

in common.
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N, = 17



How many unique tile displacement reactions can
be created using a square DNA origami tile that has
a given width and a given scaffold sequence?

N;¢: Number of toehold identities

Ny, : Number of branch migration identities for a given toehold

Np: Number of toehold locations

N,: Number of staple extension locations

Number of distinct reactions: N = Ny X N, X N, X N,

Nie| Np| N,| Ne N
G-G 4 1 1 2 8
R-R 4 1 1 2 8
G-R 4 4| 17 2| 544
R-G 4 4| 17 2| 544
Total 1104

UPRURUNENL R

5’ staple extension 3’ staple extension
3’ staple truncation 5’ staple truncation

aus 258
i fllb
PP 298

N, =



How robust are tile displacement reactions to spurious
interactions such as cross-talk and occlusion?

N;¢: Number of toehold identities
Ny, : Number of branch migration identities for a given toehold
N,: Number of toehold locations

N,: Number of staple extension locations

Number of distinct reactions: N = Ny X N, X N, X N,

Nie| Np| N,| Ne N
G-G 4 1 1 2 8
R-R 4 1 1 2 8
G-R 4 4| 17 2| 544
R-G 4 4| 17 2| 544
Total 1104




Self-occluding edges exhibited slower kinetics
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Self-occluding edges exhibited slower kinetics

E3G2: edge 3 giving to edge 2

Ak,
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How robust are tile displacement reactions to spurious
interactions such as cross-talk and occlusion?

N;¢: Number of toehold identities
Ny, : Number of branch migration identities for a given toehold
N,: Number of toehold locations

N,: Number of staple extension locations

Number of distinct reactions: N = Ny X N, X N, X N,

N¢:| Ny N, N, N
G-G 4 1 1 2 8 To maintain a controlled
R-R 4 1 1] 2 8 tile displacement rate,
G-R 4 3| 17 2| 4038 self-occluding edges
R-G 4 31 17 2| 408 should be avoided.
Total 832




2.
i — tile S1 (1x)
tile SO (1x) %I%%_ EAG4

Does self-occluding edges affect the yield of tile assembly?

tile S3 (4x)
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Does self-occluding edges affect the yield of tile assembly?

2N
é%j“%- tile S1 (1x)

tile SO (1x)
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Does self-occluding edges affect the yield of tile assembly?

e
E’ﬁﬁé tile S1 (1x)
tile SO (1x) = E3G4
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Does self-occluding edges affect the yield of tile assembly?

-ié[{ﬂ%mé tile 51 (1x)
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Does self-occluding edges affect the yield of tile assembly? Yes
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Invaders with variable sizes

Sarraf, Rodriguez, and Qian, Science Robotics (2023)



Invaders with variable sizes

monomers = {a, b, c}

rules = {{a, b},{a, c},{b, a}}

rates = {k, k, k}, where k = 4.5 x 10°

maxlength = 20

reactions = polymerCRN[monomers, rules, rates, maxlength]

Sarraf, Rodriguez, and Qian, Science Robotics (2023)



Invaders with variable sizes

S 8

=l

N

tile c

,]]””. i

monomers = {a, b, c}

rules = {{a, b},{a, c},{b, a}}

rates = {k, k, k}, where k = 4.5 x 10°

maxlength = 20

reactions = polymerCRN[monomers, rules, rates, maxlength]

Example reactions enumerated with maxlength = 3:

k k k

a+ b-ab b+ a- ba ba + b - bab
k k k

a+c—ac b+ ab - bab ba + ¢ - bac
k k k

ab + a— aba b+ ac - bac a+ ba—- aba

Sarraf, Rodriguez, and Qian, Science Robotics (2023)



Invaders with variable sizes

i
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tile b

ab:c=1:1:1

ab:c=2:2:1
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Invaders with variable sizes

lower tile ratio c: (a + b) results in longer polymers

a:b:c=1:1:1 a:b:c=2:2:1
tile - 3] osf — T
==_LL_[[I 0.4
i %
= 1 £02
| B i n =
: L] N -
2 3 4 5 6 7 8 9 10 11 12 2 3 4 5 6 7 8 9 10 11 12
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a:b:c=2:1:1 a:b:c=3:2:1
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Polymer length Polymer length
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| Nnvd d ers Wlth Vd rl d b | e SIZGS tile ratio a: b determines whether even

or odd-length polymers are favored

a:b:c=1:1:1 a:b:c=2:2:1
0.5}
0.4
C
203
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1 L,’:O.Zﬁ
B i n =
L] 0.0! -
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Invaders with variable sizes

tile c (1><)
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ab:c=2:1:1

lﬂl_ 82 Simulation
Mm .S 0_5§ m Experiment

tile a ((n+1)x)

—= *8 0.4,
“ﬂ:ﬂh‘ - 0.3-

02 ﬁ B
8:2) A N T

2 3 4 5 6 7 8 9 10 11 12
Polymer length

a:b:c =3:2:1

Simulation |
® Experiment

ﬂlﬂ”
|

raction

i \ |
= = SR |
= N %wmwz o 5 EI ;ij%‘ﬂa?‘%

]] ’ u Polymer length

Sarraf, Rodriguez, and Qian, Science Robotics (2023)



Invaders with variable sizes

tile ¢ (1x) | a:b:c = 2:1:1

i T Simiaion
%ﬂﬂ% %M% §82 m Experiment
~ il
I /
\\

—
0.2 ﬁ ;
0.1 3
0.0
5 6 7

8 9 10 11 12
Polymer length

2 3 4

a:b:c=3:2:1

o Simulation
m Experiment

W

St

%ﬂ%ﬁﬂﬂ?\\%% ﬂ B n -

ﬁ”]”””% 0 3 4 5.6 7 8 9 10 11 12
. Polymer length

o
)
o
—
3
X
p—
raction

Sarraf, Rodriguez, and Qian, Science Robotics (2023)



Mystery 1: roughly 50% of the structures contained
just tiles a and b, contradictory to the simulation

| Nnvd d ers Wlth varila b | € SIZES prediction that t’he concentrations of ab-only

polymers should be approximately zero.
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Mystery 2: more ac dimers (length = 2)

| Nnvda d ers Wlth Vd rl d b | SEN I ZES were obse.rved in experiments than

---------------------------- > . . .
------------------ what simulations predicted.
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Hypothesis: barrel formation
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Hypothesis: barrel formation

polymer abab barrel abab
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Hypothesis: barrel formation

annealed tiles a and b at 1:1 ratio
and then added tile c to the mixture
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Hypothesis: barrel formation v
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Reconfiguration of barrels to flat structures
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Reconfiguration of barrels to flat structures
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Reconfiguration of barrels to flat structures
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Reconfiguration of barrels to flat structures
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Reconfiguration of barrels to flat structures
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Reconfiguration of barrels to flat structures
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Simultaneous tile displacement
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Simultaneous tile displacement

%% = e =
RQ -t

ROXg |;;" ﬂ&

Ié = center tile
L i =. E
_= 4 )
- il 25
v I K TYES63

= '_ g )
e s e
S a=a — g

\ J




Simultaneous tile displacement

sword + head
k1 = 3x10% /M/s
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Concentration (nM)

Simultaneous tile displacement
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Simultaneous tile displacement

sword + head + talil
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Binding between DNA tiles
has limited specificity, and
thus tile assembly systems
must operate near melting
temperature.

tile assembly
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Binding between DNA tiles Sl el
has limited specificity, and H

thus tile assembly systems —_ —_
must operate near melting \M\\\X\

temperature.

tile displacement

Tile displacement systems
operate at room temperature
with little crosstalk between
distinct reactions, serving as
a mechanism for modular
reconfiguration robust to
temperature and tile
concentration.
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Future work: localized tile displacement
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Tile displacement
cellular automata
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Kinetics of DNA tile displacement
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