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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, 2014)



AFM imaging of 4H-AE
co-transcriptional assembly
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RNA Folding

(Real time: ~1 second)

Part already
folded

Part been

Encoding of the
transcript

N

Video: Geary



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

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 = 3 Geary, Meunier, Schabanel, Seki MFCS 2016
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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
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A ﬂrst examp\e
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Oritatami
A first example

VIV wJvIcy
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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
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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
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How does computation work”

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



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



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



3rd, enumerate all the environments for each brick

Zig pass +

7

EPECY
m%%%mm

7

i

7

P T Y

Zag pass —

- WY

(e )
\C00\BO\
\CI0\ B0\

\COI\BI\

——
e T—
\CIN\BI\
——

A —

p—
ANONEIDN
\ co N\

\DO\CI0\
\ co R\
\ONSTA
A\
DO\, C00




4 4th, prove the folding

40 41 42

for each brick




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




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
i - ?‘;‘ E E E E E E i E:::: E——
- =— - —~— — — — - - - -~ e
38 39 40 4 42 43 44 45 46 47 48
! -~
-»
B3]
>
L
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49 60 51 52 63 54 65 656 57 68 59
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- naSAS
2 -
353, S
ii - b3 -
61 62 63 64

- > 9
o n $
2 : 25
65 66 67
73 74 75 76 77 78 79
85 86 87 88 89 90




Binary counter: conclusion

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



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!







The first challenge:
Designing the desired shapes

Design shapes for which a common rule @ exists
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# 1 (C10)°
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The first challenge:
Designing the desired paths

+ Design paths for which a common rule ¥ exists

&4/// ‘/J L'.‘::;"FS;’:”
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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

s SRR



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



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.



Oritatami is
Turing complete



Skipping Cyclic Tag Systems

A finite cyclic sequence of finite binary
code words with a pointer p to one of them

An initial binary tape word (the input) Example.
: 010
Dynamics: t
* [fthe tape word is empty (€): halt 3
100

o [fthe 1st letter of the tape word is O:
delete the O and increment the
pointer p

* [fthe 1st letter of the tape word is 1:
delete the 1, append to the tape
word the code word at position p+1
and increase p by +2



Skipping Cyclic Tag Systems

A finite cyclic sequence of finite binary
code words with a pointer p to one of them

An initial binary tape word (the input)

Dynamics:
e Theorem [Neary, Woods, 2006]
* Ifthe tape word is empty (g): halt Cyclic tag systems simulate any
« Ifthe 1st letter of the tape word is O: Turing machine with only a
delete the 0 and increment the quadratic slow down
pointer p

* [fthe 1st letter of the tape word is 1:
delete the 1, append to the tape
word the code word at position p+1
and increase p by +2
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How to do it?
How to prove it?
How to certity it”

How general is this?




A general
programming framework

Abstract
| evel

Assembly
Level
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General programming tools




Back to our simulation



Trimmea space-time
diagram

Consider the following productions:

Append\

g0 — Ho

244

Slgid — 01

0lp

[1]4

2]4

Append\

1% *

Ll

S

of [l (2 3l
p = (110,¢,11,0)

Append\ 0]

[3]:@ ’

Append
Append

Append
Halt

O )

0 — U Halt

11



The simulation




Initial word tape: The SlmU‘athﬂ
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The blocks

COPY
read 1 forwar%\\ — backm;ﬂag -
\ /N ‘\\ R / %

" EXPANDED & CARRIAGE RETURN

LINE FEED

£
&
£
£
&
Tl 457
s
1S




The bricks inside each
block

ReadOp» Read1p» CopyOp Unit Copy1pUnit Halt

DO> E> Do~ =
e D;:\\\ ” / Fr D}?\ // F

&
&
&
&

&

7 LineFeed®Unit




HOow do we Implement
several functions
1.e. folding Into different bricks)
N a given module”?




AN exampu

VAVAR

Module G implements 5 functions: _
« 0/1 Copy (forward & backward) ﬁ
- 0/1 Read

 Line Feed



AN examp\e

READ O

Module G implements 5 functions:
- 0/1 Copy (forward & backward)

 0/1 Read
 Line Feed



The various bricks for
module G

/N AN

(a) The brick [G>Reado]. (a) The brick G> CopyO (b) The brick [G» Copy1| m

)
/ (a) The brick [G# LineFeed].

(b) The brick [G> Read1]. (c) The brick [G<Copyo| (d) The brick [6 > Copyt]




Glider turns

o @ @ @- A5 A9 A8) (L88)-4L77)-4{L53)-{L43) (L23)-{L12) (J23)-{ J5
o

(a) |G| bounces southeastward (b) |G| bounces eastward on a (c) |G| goes straight southwest-
in presence of a spike encoding flat surface encoding a 1, and ward in absence of obstacle, and
a 0 and folds into |G» Reado|. folds into | G» Read1|. folds into | G ¥ LineFeed |.




Some programming
paradigms



Switchback expanding in Gliders
Offset
Exponential coloring

Socks



Switchback expanding into
gliders
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(a) Glider
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(c) Glider/Switchback turn folding compati-
bility.

By,
fida,
8]

®

(b) Switchback

(e) from left to right: the folding of the subsequence as a switchback.
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Exponential coloring

e Bonds everywhere if unshifted and then adopt switchback
form

e Bonds nowhere if shifter and then adopt glider form
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Module G
everywhere
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__center of the
module _—

.............. 7

Speed 1/5

L oG e - - IR e @eLE - O
Ce e of o (o) Comle) 969 (9-G3-(09-(0) @
G @miy - 2 ComED) (ed-(o) (@-(9-G9-() G-

oooooo (@) A @6 & GG©) AC

(a) Easier bond design (b) Delaying gliders (c) Confinement

@
N \-

(@) Let fold parts in their natural forms, simplify the design
(b) Delaying and shifting to space out various functions

(c) Confinement to prevent unwanted interactions
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infinite pattern

- 6@ () )
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Absorbing
& Creating
offsets with
Socks
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Proof of correctness

Enumerate all possible environments for each brick

Compute proof trees for each brick in all of its fixed
environments

Deal separately with the only three bricks having variable
environments



Listing all environments

ZAG

Y/

67

see Zig-Down

f

&

see Zig-Down

o

see Zig-Down

o
see Zig-Down

see Zig-Down

ZIG-UP ZIG-DOWN WRITE
% 5 ) 2 "\& 2 D. o=
[a] 5 » Al #2830-2000  #4753-4786
40-08 #1286-1312 4 1£4905-4997 #1854-1874 #4745-4752 #2382-2578 #2745-2755  #2790-2797
Y o % [E] e ).
¥ 7 4 g .
» 5 #1875-1878 #2579-2580 #2756- #4T03-4733  #3000-3749
#4787-4945
#99-103 #1313- #e #4998-5000
€ V4 V4
/;~ #1879-1889 #2798-2838
C /4 - 447014702 #3750-3781  #4734-4744
#104-159 #4946-4959
#1314-1315
D, 3
D. .
#1890—1913 #1914-1932 Same as previous ones
ZAG-WRITE
#160-339 #340-384 #2581-2509
#2600-2602 g
[a] &
[E] #3806-3816 , #4059-4069 , #4215-4225
#1316-1392 #385-749 |E \ #4310-4320
#1033-2011 #2603-2632 #2750-2789
c
éléy j #3817-3827 , #4070-4080 , #4226-4236
4750.856 413931401 Gl % % #4321-4331 , #4450-4460 , #4475-4476
0122001 26332603 #4550-4551 , #4605-4606
5 o ,
/AN » 5 h
= = \\\\\\\ N #3828-3851 #3930-3041 , #4434-4430 | #4525-4527
#857-1285 #1402-1853 D N 44237-4263 #4571-4573 , #4587-4589 , #4595-4507
#2042-2381 #2644-2744 #4332-4355 #4618-4620
#4081-4176 , #-4461-4474 #3852-3024 , #3042-4020 , #4264-4271
#4552-4570 , #4607-4617 #4356-4428 , #4440-4458 | #4504-4519
#4528-4549 , #4574-4581 , #4500-4504

#4598-4604 , #4621-4644

see Zig-Down

see Zig-Down

see Zig-Down

see Zig-Down

see Zig-Down

see Zig-Down

#3925-3938 ,
#4272-4285

V

#4021-4034 , #4177-4190
#4429-4433 , #4520-4524

#4582-4586

#4645-4653

Y

#4960-4967

¥ 4

see Zig-Down

Y

see Zig-Down

#4968-4993

#3782-3805 , #4035-4058
#4286-4309

, #4191-4214

#4654-4700

see Zig-Down

&y

see Zig-Down




Example: Reading 0/1

#1410
G: RCLF
Bead K34
#1411
G: RCLF
Bead K35
#1412
G: RCLF
#1002 Bead L39
G: RCLF
Bead K34
#1093 #1413
G: RCLF G: RCLF
Bead K35 Bead L40
#1094
G: RCLF
#1414
Bead L39 G: RCLF
Bead L41
#1095
G: RCLF
Bead L40
#1415
G: RCLF
Bead K45
#1096
G: RCLF
Bead L41 . .
(b) Proof tree for the glider turn in |G» Read1|.
#1097
G: RCLF
Bead K45
#1098
G: RCLF
Bead K40

(a) Proof tree for the glider turn in .
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