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RNA Origami in Real Time

T7 RNA Polymerase

Assembly of
RNA tiles

Formation of helices Formation of Formation of
and hairpins junctions tertiary (3D) interactions

17 RNA polymerase produces RNA directionally from 5’ to 3’, at a rate much
slower than the RNA folds up (few microseconds).

The polymerase reads the DNA gene, and becomes an RNA origami production
factory, synthesizing a new RNA origami roughly every 1 second.

Slide by Cody Geary Westhof and Leontis (Science, 2074)



AFM imaging of 4H-AE
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RNA Folding

(Real time: ~1 second)

Video: Geary
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RNA Folding
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Oritatami:
A model for co-transcriptional folding

Seed
Beads
The program: already
- a sequence of bead types folded —~
(the transcript) & placed\ " \@

The Iinstructions:
- the rule a¥b if bead types a
and b attract each other

The input configuration:
- Some beads placed
beforehand (the seed) beads

produced

19 Geary, Meunier, Schabanel, Seki MFCS 2016



Oritatami:
A model for co-transcriptional folding

The dynamics Beads See\::l
» Starting from the seed, the already
sequence Is produced one bead folded
at a time & placed\ !

* Only the 6 last produced beads

are free to move and explore the
accessible positions to settle In O
the ones maximizing the O \
number of bonds
last O
- All other beads remain in their beads
last locations produced

here, delay 6 = 313 Geary, Meunier, Schabanel, Seki MFCS 2016
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Seed

The dynamics.

| new bead
- Starting frc?m the seed, the oroduced
sequence Is produced one bead

at a time \
N
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the ones maximizing the
number of bonds

« All other beads remain in their
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Oritatami:
A model for co-transcriptional folding

The dynamics. The bead has same
position In all
maximal extension
= deterministic

- Starting from the seed, the
sequence Is produced one bead
at a time

* Only the 6 last produced beads \ e
are free to move and explore the ]
accessible positions to settle in %

the ones maximizing the QO
number of bonds

« All other beads remain in
last locations

19 Geary, Meunier, Schabanel, Seki MFCS 2016



Previous work

Some self-assembly seminal work
* Tile assembly systems are Turing universal [Winfree, 1998]

e Arbitrary shape assembly with optimal tile set size [Soloveichik
2007]

* Intrinsic universality [Doty et al, 2012]

ritatami

pasas
RIS
11es

* A binary counter [Geary, Meunier, S., Seki, 2010]
* Heighdragon fractal [Masuda, Seki, Ubukata, 2018]
* Folding arbitrary shapes [Demaine et al, 2018]

* NP-hardness for oritatami design [Geary et al, 2016; Ota, Seki, 2017;
Han, Kim, 2017] and for non-determinisitic oritatami equivalence [Han et
al, 2010]

e Efficient Turing Machine simulation through tag-systems [Geary et al,
2018]
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Oritatami
A ﬂrst examp\e
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A binary
counter made
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beads
periodic
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folding upon
itselt
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Oritatami. A binary counter

Information is encoded in the geometry

o (27 N 28 I 29 JI 30 J 39 JI 40 W 41 JN 44 J 45 J 50 JW 51 W 56 I 57 0 O U 10 U 11 U 14 J0 15 20 I 21 JI 26 JIN 27 I 30 Ji 39 w40 mw 41 0 0 0

@@@006@@@@@@@@@@@@@@@@@@000 0
- o (0@ (00 B -5 6 -1 @) 1) @) 6)-&) 66 -t 1 (g @ (9 (e & (o) o
- Couiome)-(Dus)-(Du(z) [mee)-Gom0)-lome)-(ulse)-(ulz2) mze)-Eomzo)-(Omi9) -(Ou()u) (@) (s8msr) -
o (emezmzs)-(32)m(E) (soym(Ee)-(4ms) -(SOms ) -(somsT) (2)m(3) (5)m(e)-(14m(ie) -(20m2)-(omen) (32)m(s) (o) -(4msomie) -
o (i mEmrom() (6Ju(s) (0Jm(so)-(somss)-(dam(s7)-(2m(41) Gom(zm(e2) (@7m(ze)-(21 (=0 -(1omia)-(9m(s )-(2 m(2 ) -(62m(51 658
o (omGem) (10-(@) (4)-(1) (8- -(62-lar-(8) -} -@) (comee)-(3h) (28} -2 -(22-(1 -1 -4 (10-() (4)-(1) (eom(eay-ls) -
o ROmEMEs)-(32)m(E) (soym(36)-(4m(4s) -(SOm(s - (oM7) (2)m(3)-(o m(9)-(14m(15) -0z} -(comEn) (2)m(3s) (somEe)-(4omsomie)
o (comEmzd) (&0)-(34r-(som(an)-(a5)-(e) -9} -(62-(52)-(68) (1)-(4) @-(10) WB-(1)-(19)-e2-(ee)-2e) (B)-(a4)-(sepmlan)-(aa-(a7 o)
¢ (Ommry) (oxa(s) (OG- (G (g (ams) (u@huom(ee)-Comey-(Omiy-(2m(y) (Qu(Dn(z) CRmey £ <
o (omGem) (10-(@) (4)-(1) (68 -(6x-(62)-(4a) -4} -(a3)-(@Q) (eopmizpm(ze) (28 (23 -(22)-(1 -1 - (1) (m(e)-(1) (comeay-(se) -
o (DM -(32)m(E) (soym(ae)-(4m(4c) -(SOms ) -(soms7) (2 pm(3)-(e Jm(9)-(14m(15) - -(comen) (32)m(s)-(sepm(a0) (4 maomie) -
o (omEm>d) (3)-(34r-(om(an)-(15)-(e -U0)-(62 (52 -(68) (1)-(4) @-(1) W@-(1e)-(18)-(e2-ee)-e) (@)-(e§) (a7)-@Q)-Uua}-(472-Lag) -
o (im@E@m2m() (4m()m(2) (57 m(se-(51 (50} -(4ou(ad)-(3pm(3e)-(sm(2) (27 ym(2c)-(21m(20) -(1om(1y-(9m(a )-(3 (2 ) -(62m(s1) -G58)
o (omGom7) (10) (s)m(s)}-(1) &8-(52)-(62) (4o -4} -14a)-@)-(o7) (38)-G1) (ee-(ea)-(23-(19)-(1-{@) (19)-(@) (42-(1) (somea)-(ee) -
o (eOm(z2m2s)-(32)m(Es) (e 30) (a4 m(do) -(SO M5 1Y - (o) (2)m(3) (sym(e)-(1m(ie)-(2Om(2i) -(omEn) (s2)m(33) (3oym(Ge)-(4amscmas)
O L alaPliO a0 PP PRI PR LOVO NGO S
o (omGom7) (1) (ym(m(s) (6853 -(62)-l4er-()-Uua) @) -(o7) (30-@) (eer-(ea)-(22-(19) (1)U (1) ()m(e)-(1) (comeay-foq - -
o (2223 -(32)m(E3) - (se)m(3e) (14 (o) -(SOm(5 12 - (o5 (2)m(a) (5 )m(e)-(1m(ie)-(20m(2)-(omen) (32)m(3s) (o) -(4amacmae) -
o QumGEm(rzm(1) (2 u()m(0)m(so)-(5om(ss)-(4am(s7)-(2m(41) Gam(am(2) (Tm(z6)-(2Tm(z0)-(1omia)-(9m(s )-(2 m(2 ) -(62m(51 /652
> (omGomG7) (10) (ym(m(s) (685 -(62)-l4ar-(a)-Uua) @) (comae)-(af) (e8)-(2a)-(22) (-1 -4 (1-(@) (4)-(1) (oom(say-lo) -
o (O3 -(32)m(33) -(seym(30) - (a4 () -(SOm( ) -(Som57) (2 )m(3)-( e pm(9)-(1 (i) -0z} -(omEn) ()m(ss) (some)-(4omsomie) -
@@@@@@@@@@@@@GGO@@@@@@@@@@@@@@
@@@@@@@@@@@@@060@@@@@@@@@@@@@@

@@@G060@@@@@@@@@@@@@@G@GGOG@@@
@@0@006@@@@@@@@@@@@@@@@@6@0@@@

o o
o o

- 22
o



Oritatami. A binary counter

Information is encoded in the geometry
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Oritatami. A binary counter

Information is encoded in the geometry
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Oritatami. A binary counter

Information is encoded in the geometry

0 1
C a r ry 1 Ty Carr 0 1
propagation 0 1
0 1

-neteed ﬁ ﬁ
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How does computation work”

3) Beads 38-41 <«  2) Beads 34-37 <« 1) Beads 30-33

0 (A0)
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Carry=00 @@@@@@ o @®@@® o o @@@@
s o @@@@ » o o @@@ s o o o 31) (28)-(2
- @) ) OOOOOO-Carry=1
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Lo @) b6 Bl
o (39mEem(EImE) @)
1(A1)
HEoe) o Tolia) Tl
Carry=0 @@ Carry=0
40) (33maam(3s) (28)-
(3m(3e)m(3m(36)-(27)
1 (A1)
H-Em(e) () Tomliay Tl }@{ }@{
c e ) e oo ®@@®
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Proving the binary counter:
First, define the bricks

Module A, First Half-Adder (beads 0-11):

Zig Direction «—

Brick A00 Brick A01 Brick A10 Brick A1l

Zag Direction —

Brick A0 Brick Al
Module B, Left-Turn module (beads 12-29)

Zig Direction «—

Brick B0 Brick B1

Zag Direction —

Brick BT

Brick B2

25



Proving the binary counter:
First, define the bricks

Module C', Second Half-Adder (beads 30-41)

Zig Direction «—

(41) (om(3s) (39 (41) EOmGEM(2) (41) (32mEHm(30) (3938} -(33m(32)
@9)-(7) (343D @) (39m(e)-(3D 49) (33mEHGS @9-(7) (34D
(39m(38)-(33m(32) (GomGEemE7) (39 (3m(z)mE7m(30) (41) (Gom(zs) (39
Brick C00 Brick CO1 Brick C10 Brick C11

Zag Direction —>

(c2m(Es) (o) (s2pm(as) (e (39

DIDID DIORID
(30) (s9m@om(+?) (30) (39m(30) (47
Brick CO Brick C1

Module D, Right-Turn module (beads 42-59)

Zig Direction «—

Brick DO Brick D1

Zag Direction —

Brick DT

Brick D2

20



2nd, describe the final folding

i\ Seed
BT A0 D2 A0 B2 Co D2 A0 B2 Co
Size: 3x6\ Size: 4x3 Size: 6x3 Size: 4x3 Size: 6x3 Size: 4x3 Size: 6x3 Size: 4x3 Size: 6x3 Size: 4x3
A00 DO C00 BO A00 DO C00 BO A01 DT
BT Size: 3x6
COo D2 A0 B2 Co D2 A0 B2 C1
DT
A00 DO C00 BO A00 DO C01 B1 All
BT
COo D2 A0 B2 Co D2 Al B2 COo
DT
A00 DO C00 B0 A00 D1 Co1 B0 A01
BT
Co D2 A0 B2 COo D2 Al B2 C1
DT
DT
A10 DO C10 B0 A10 DO C10 B0 A01
BT
C1 D2 Al B2 C1 D2 Al B2 C1
DT
\k{alt Al1l D1 C11 Bl A1l D1 C11 B1 A1l

We prove that the molecule folds like this by induction

27



3rd, enumerate all the environments for each brick

Zig pass +

28
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40 41

42

4th, prove the folding
for each brick
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29 I 30 1 39 i 40
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4th, prove the folding

for each brick
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Repeat for each brick
In each environment
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Repeat for each brick
In each environment

B ~ = B - i = E
. = I - . & i -
= & BN B

S E==

arrsean

3 2
. g » =
26 27 28 29 30 3 K} KK] 34 35 36
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Binary counter: conclusion

* Theorem. There is a 60-periodic molecule that simulates
a binary counter using 60 bead types and delay 3.

31



Back to general oritatami

* How hard is it to design a rule”
- NP-hard... but FPT, thus feasible!
 What can it compute”?

- Simulates any Turing Machine... efficiently!

33






The first challenge:
Designing the desired shapes

Design shapes for which a common rule @ exists

4 11 59 0 9 1000 11 1200177001
o -
> o | ' '

<~ ' o \\l 1
@870 (co0y - @
~7

# 1 (C10)°
0O+0=0+noC 1+0=1+noC
} @( 3@{

O+1=1+noC 1+1=0+C
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The first challenge:
Designing the desired paths

» Design paths for which a common rule ¥ exists

hhhhhhhhh
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The first challenge:
Designing the path

« Design paths for which a common rule @

G - Read Copy Line Feed: Copy 0 (Zig)

olel
G - Read Copy Line Feed: Read 0 ‘C;)oooeeg@cﬁ)

exerezerey
<]

G - Read Copy Line Feed: Line Feed

x € (CIcIc e, 030
P ARSI ISR NN SE S S SN NN I R I I I I I I IR I I FIRSS EIFIFTIFISS ,
D SSSI PSS B IBEESSSSS S« SPeSSd g dedd sl S ?«%’&f&f&é’@@@@@@@@
ROORIY  QOOOHOBOS BOGOOT DOHOOHOOOOOOE E
[CeIoTeree [SeTeteTelelele Sezererere COOOOOVOOOOOOO

Line
Feed

G - Read Copy Line Feed: Copy 1 (Zig)

G - Read Copy Line Feed: Read 1
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Oritatami design is NP-haro

INPUT: a delay time o, a list of n > 0 seeds 01,09, ...,0,, and a list of n confor-
mations ci, ca, ..., c, of the same length [
OUuTPUT: | an attraction rule © such that for all i € {1,2,...,n}, Oritatami system

O; = (s,04,V,6) deterministically folds into conformation c¢;, where s is
the sequence of length [ such that for all ¢ € {1,2,...,1}, s; = 1.

The reduction (length=1, 6 arbitrary)

Ensures it binds to at least Ensures It binds to at
one litteral in liv v i most one of x; and —x;

ooOoo oo@@oo
N OBORE @ - OO0 -
o ) © - o o o () - @ -
oo@oo ooQQoo

O
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I'he second challenge:
Designing the rule @

Theorem. There is a FPT algorithm with respectto L
that designs in linear time in L (but exponential in k and )
a rule ¥ that folds the sequence 1,...,L of length L into k

prescribed conformations when folded in k prescribed
environments.

Proof. ® Locality: each bead only sees a bounded number (exponential in 0)
of other beads when folded.

e [hen, compute all valid local rules for each of these neighbborhoods

e And use dynamic programming to decide whether there is a global
rule compatible with at least one of the local rule for each environment.
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“revious result:
Oritatami is
Turing complete



Trimmea space-time

diagram
Consider the following productions:

Append\

Append\ 3 0
2]11 Ylo11 — 11 e

Olp1o — [t

2]

p

Append\ 0]

of [l (2 3l
(110, ¢,11,0)

0 — M Halt

[3]:0 ’
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The simulation
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Initial word tape: The SlmU‘athﬂ

Sl

A ///// - X :

) ) Tkl ke g / . / /éSWW i i )
g . ) a9 /}7////////////
g )

) 0 . . 90

/g
79177 i 7

a7 f /W////;/

Yy

.

7/, L
i 4 .

I

1)

4

2



A general
programming framework

Abstract
| evel

Assembly
Level




General programming tools




Our new result:
Intrinsic Simulation of
1D Cellular Automata



from 1D CA to
2-1n 2-out Gates

t  t+1 4
a (z,y)
\ y 7?/
b
Radius |- \
adius auy
T d (I)(afybycyd7€7f7.gih)
e
f
g
/
h r}

a,b,c,d,e,f,g,h € {0,...,0-1}



Oritatami system simulating
2-1n 2-out gates

%i:g’(az Y)
Y y'(z,y)

where x,y € {0,...,Q0 — 1}



Oritatami system simulating
2-1n 2-out gates

Up & Down paths are
just mirrored of each other

— Just need to add an extra Up/Down-state
and to mirror the transition function:

X'(z,9,¥) := (2'(z,9),T)
X'(z,9, 1) :== (¥ (y,2),3)

2\/:;(% Y)
Y y'(z,y)




Let's simulate one
2-In 2-out gate

/~N.5. Synchronize

z'(T,y)

NN\, 6. Write ',y

49



Read-Write mechanism

Writing x,y = Placing magnets of length A Qx and Ay

Reading z,y = Create an offset of A(Qx + y)

1. Init //

2. Scaffold “\\

3. Read =,y

50



Read-Write mechanism

Writing x,y = Placing magnets of length A Qx and Ay

Reading z,y = Create an offset of A(Qx + y)
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Read-Write mechanism

Writing x,y = Placing magnets of length A Qx and Ay

Reading z,y = Create an offset of A(Qx + y)

1. Init

/Shift by A(Qz + v) 51



Read-Write mechanism

Writing x,y = Placing magnets of length A Qx and Ay

Reading z,y = Create an offset of A(Qx + y)

A 5. Absorb the offset A(Qx + vy)
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Read-Write mechanism

Writing x,y = Placing magnets of length A Qx and Ay

Reading z,y = Create an offset of A(Qx + y)

~\, - Absorb the offset A(Qz + y)

7 Shift by A(Qz + v)



Read-Write mechanism

Place the anchors as follows:
Consider z'(x,y) = 10 = 23 | 21

Shift by A(Qx + y)
—>

[ S

23 21
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Read-Write mechanism

Place the anchors as follows:
Consider z'(x,y) = 10 = 23 21

Shift by A(Qx + y)
—>

. —_— e g . ,
S b o 4 —_— Eag e e o
ok L g
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Expanding the configuration

1. "Init" unfolds to build the new cell and miror direction
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Expanding the configuration

1. "Init" unfolds to build the new cell and miror direction
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Expanding the configuration

2. Scaffold
3. Read =,y

5. Absorb offset

6. Flip magnets for =',y'

1. "Init" unfolds to build the new cell and miror direction

50



Getting hands dirty:
Read > Offset

Shift by Ax

e@@@@@@@@@@@@@@@@@@
5

)

-..

-
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Getting hands dirty:
Write: AO-Anchor flips the magnet

e e e
RATTP TR ARARAARNTRARARRRG

-__ -
2808608 SR RoScScR s

Nt} Mot

| nAANAAN
) =R RRRRR

WS- B EG B R RBRXIBRRD ¢s
@@@@@@@@@@@
e 5 5 51 e e
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Getting hands dirty:
Absorbing Offset

Offset divided by 2
) @ ) @ @ @ ) @O @ @ & &)
@@@@@@99@@@@@@@@@@@@@
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Getting hands dirty:
Absorbing Offset

Offset divided by 2
) @ ) @ @ @ ) @O @ @ & &)
@@@@@@@9@@9@@@@@@@@@@

Repeat log(Max offset) times!

S S 2 2 @ 2 & 2
eea@a@@«&@@ S S v v vl @@@@e@oeba@@@@
RARARRRRA R RRARA

Synchronized!
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Nonel

Getting hands dirty:
Absorbing Offset

2k

Here, £k = 3
A—-2k=A/2

A = 4k + 0.then A'

A =4k + 2 then A" ="A

S 2k -1 = A/2

k,— 0 and ki+1: 2k+ 1 = 2'—1

2k+1 2k +1
5 4k,+5 4k +5 2k+1 4k +5 2k2(r1+1

4k, +5

2

4 4k 44 ak+4  2k+2 ak+4 2k, +2
2k +2 2k +2

4k, +4

2¢-1
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Getting hands dirty:

Turnlng Scaffold
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Getting hands dirty:
Init: unfolding glider

if there is no neighboring cell :
Extended form
If there is a neighboring cell :
Compact form

63



Getting hands dirty:
Init: unfolding glider
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Getting hands dirty:
Init: unfolding glider

if there is no neighboring cell :
Extended form
If there is a neighboring cell :
Compact form
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Getting hands dirty:




Conclusion

Our results

* QOritatami system can simulate intrinsically any 1D cellular
automata

* "Mechanical" tools for designing simpler oritatami system

Next...
* An oritatami programming language?

* How to implement RAM? Loops? Concatenation? Subroutine
call?

* Design a program simple enough to be implemented in wet-
lab?
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