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Using DNA to create shapes

Ned Seeman (1990s)




Using DNA to create shapes
Ned Seeman (1990s)

Create complementary strands
inducing particular shapes




DNA origami




DNA origami

DNA double helix persistence length is ~45nm, that is ~135 base
pairs (bp) = can be abstracted as cylinder with diameter 2nm
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he DNA of a virus is folded by the staples!



DNA origami
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DNA origami

Annealing: assembly takes place when DNA mix cools down from 60°C to 40°C
1. T° drops fast from 90°C to 65°C and then
2. T° decreases slowly from 65°C to 40°C (typically at -1°C/10min up to -1°C/2h)

Staples Folding DNA origami nanostructure
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Fig. by Dey et al (2021)




DNA origami

Some emblematic designs

Rothemund Han et al Wagenbauer et al Mills et af

+ Extension ’E
Oligos ik

Dietz et al Benson et al Wintersinger et al Levy, Finkel,
Mills, Bellot,
Schabanel



DNA origami

DNA Origami has many applications

In medicine In synthetic biology

Traps for large viruses Targeted delivery of antibodies Functional synthetic cytoskeleton
Monferrer et al., 2023 Douglas et al., 2012 Zhan et al., 2022
e Biosensor e Smart molecular devices

* Nanomaterials « Study of protein interactions, ...



Only few crosslinks are enough

even for curved shapes

What about curved surfaces?
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DNA double-helix

SB-form

Hydrogen bond
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tacking phenomenon
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Using stacking

Multicomponent origamis — Reversible assembly

I

Changing Mg2+ concentration allows to bind
multi-components using stacking interactions




Preexisting softwares

Abstract 2D representation

555555

» Cadnano (2009)
» Scadnano (2019)

16117 24
A 18010020 21 2 2

» Efficient 2D view
editing

Automation
» Deadalus (2016)
» Perdrix, Talos, Athena
(2019)
> MagicDNA (2021)
» Auto-stapling
» Auto-scafolding

> Articulated designs

3D view & editing
> Tiamat (2009) ars= o o
> vHelix (2014) mmmnmnnnalll s SRR

» OxDNAviewer GiseSE
(2019)

> Wysiwyg

Physical simulation

> VViennaRNA (1994)«
» Nupack (2009)
> OxDNA (2015)
> mrDNA (2019)
» SNUPI (2020)

» Feedbacks on designs
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Glimpse of DNA nanostructures

made wit
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Glimpse of our DNA nanostructures
—xperimental work with G, Bellot, J. Finkel and A. Mills
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Glimpse of our DNA nanostructures
—xperimental work with G, Bellot, J. Finkel and A. Mills

Torsion




Glimpse of our DNA nanostructures

—xperimental work with G, Bellot, J. Finkel and A. Mills




Glimpse of our DNA nanostructures
—xperimental work with G. Bellot, J. Finkel and A. Mills

Radn of curvanure Yor $he 4 habcns of 052




Glimpse of our DNA nanostructures
—xperimental work with G, Bellot, J. Finkel and A. Mills
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Here IS
how we made them



NaNO

An algorithm & geometry based DNA nanostructure design software

 Adual 3D & 2D interactive interface
e Realtime 3D manipulation

 Easy to use and straightforward to install, multiplateform Windows,
Mac OS, Linux

e ~100 000 lines of code, written in Rust
 Remarquable success in complex 3D DNA nanostructure assembly

22



©, Defining a good
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Getting the DNA parameters right

DNA helix parameters matter

Shifting a crossover by 7 positions induces a twist of ~ n X 34°

24



Getting the DNA parameters right
Woo & Rothemund, 2011

| 10.44 bp/turn

10.67 bp/turn "t
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Getting the DNA parameters right

Good parameters for straight DNA double helices (B-form)

Helicity = 10.44 bp/turn

b Radius
Twist _
backward strand + e -0.93 nm
=~ 34.48°

H I B =B = = =
£
!

Inclinaison Rise
= 0.043nm = 0.332nm

Inter hellx axis dIStance: 265 nm Woo, Rothemund, 2011; Cody, Andersen, 2014;

Thubagere et al 2017
26



Getting the RNA parameters right

Good parameters for straight RNA double helices (A-form)

Helicity = 11 bp/turn

forward|strand —

27 Cody, Andersen, 2014



Mapping DNA helix on a curve

Finding a proper frame that runs along the curve

What about the Frenet frame?

» Reparametrize M(t) by the curvilinear
[

abscissa: s(7) = J || M(?) | | dt
0

e x(5) = dM(s)/ds, the tangent

+ y(s) = Normalized(d“M(s) / d*s),
the normal

* 2(s) = x(s) A y(s)

28



Mapping DNA helix on a curve

Finding a proper frame that runs along the curve

Frenet frame

flips What about the Frenet frame?

g n . il
SLASLCEE,  Reparametrize M(¢) by the curvilinear

[
abscissa: s(7) = J || M(?) | | dt
0

Frenet frame algorithm

e x(5) = dM(s)/ds, the tangent

+ y(s) = Normalized(d*>M(s) / d°s),
the normal

* 2(s) = x(s) A y(s)
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Mapping DNA helix on a curve

Finding a proper frame that runs along the curve

We propose an iterative frame:

e Let?t; < --- < 1, the positions of the
points

« X = T(tk), the tangent at M(t,)

° Yk — rOth_lan(Yk—l)

where roty _, x denotes the rotation
from X,_; to X, around X;_; A X,

30



Mapping DNA helix on a curve

Frenet frame vs our iterative frame

Frenet frame Our iterative frame

Iterative frame algorithm

Frenet frame algorithm

— X flip

31



Mapping DNA helix on a curve

Our model vs crystallographic data

A nucleosome (curvature radius ~ 6nm)

Levy, Schabanel, 2022
32



Making a
DNA origami

y
A
y 4
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Current recipe for designing a DNA origami
The main steps of the process

1. Scaling the object and placing the DNA helices

2. Optimizing the DNA parameters for each helix to
spread the strain

3. Routing the scaffold strand to cover all the helices

4. Stapling the design to tie it together

34



i

1. Looking for the
right scaleé_

e s — (S —
. ;: - -y —
| — : -
 —
42 nm —

42 nm

“At this point, manual consideration of the complex
relations among the design parameters is the most
time-consuming step and requires a substantial
understanding of fundamental engineering principles and
the behavior of interconnected DNA.” Han et al., 2011

35




The case of planar designs

semi-discrete & semi-continuous

Solve
e Aspectratio:2+(H—1)X%X2.65 =N X 0.332

d length: N X H < 7249 base pairs

d routing: N = 10.44 X T for T integral number of turns

e Scaffo

e Scaffo

Continuous =

Discrete

2.65Nnm™
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Curved origami with Cadnano

Insertions & deletions map
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The case of curved bundle

Bezier based in == ==— NOGNO

Scale the curve so that the
total length of the curves
equals the scaffold length

38



The case of curved shapes

Using concentric circles

Scale the revolution

radius < until the
total length equals
‘the scaffold length
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The case of tight curved shapes

A new spiral paradigm

\

ol o
- N -
g5

Advantages:
 Continuous range of angles between neighboring helices

* Very long helices reduces considerably the impact of
discretization (~3600 nts long instead of few hundreds)

40



The case of tight curved shapes

A new spiral paradigm?

41



The case of tight curved shapes

A genera| scaling scheme to route the spirals

1+ W
e Linear growth of the curvilinear abscissa: s(1) = v X P

where P is the section perimeter and N is the number of helices

e w € Z is the winding parameter which determines the helices
curvature 42



The case of tight curved shapes

Choose the winding parameter w

N = 12 helices



The case of tight curved shapes

Choose the winding parameter w

Choosing




Winding parameter w controls helices torsion

Average torsion of helix trajectories as a function of the winding parameter

0.25 A

0.20 A

0.15 A

Average torsion (absolute value, /nm)

0.10 A
5 '33-12-10 -8
£ ® 00
-13
-14 ’-] 1
0.05 + ’-]*0 *
0.00 A

DS1 DS2 T1 T2 T3 T4 T5 T6




The case of tight curved shapes

Balancing the inter helix distances

Yoae
"‘X S

Helices
collide

46



A. Surface
definition

Thecase 2 o € o (=
of tight - e

C2. Empty length

cu rved :é/ adjustment C1. Adapisiv
shapes

Salancing
:he inter helix C4. Revolution radius
distances wf

C. Balancing inter-helix
distances

C3. Chebyshev
interpolation

Update the empty lengths constantly: ootk
correct?
| H H
ll —_ _I_ Yes
/2 \cosa; coSap

D. Almost equidistant spiral helices covering the surface
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The case of tight curved shapes

Balancing the inter helix distances

A relaxation process that outputs curves expressed as YeObiLueB
polynomials whose length is exactly the desired scaffold length

48



The case of tight curved shapes

Balancing the inter helix distances
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A relaxation process that outputs curves expressed as YeObiLueB
polynomials whose length is exactly the desired scaffold length
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Routing algorithm deduces the torsion as well

010 Average torsion of helix trajectories during helix routing algorithm execution

DS1 (w: +2)*

DS2 (w: +4)*
—_— T1 (w: -4)*

T2 (w: -4)*
—— T3 (W: -6)*
4 (w: -10)*
5 (w; -11)*
T6 (w: -12)*

Torsion and spacing
optimization steps
Rescaling steps to
match the scaffold
0.06 A length

0.08 T
T

0.04 -

0.02 - \\—

0.00

Average torsion (absolute value, nm?)

0 10 20 30 40 50
Iteration of the helix routing algorithm

The initial iteration reduces the torsion of the helices,
the following ones mainly focus on scaling to match the scaffold length



The case of tight curved shapes

Balancing the inter helix distances

A relaxation process that outputs curves expressed as YeObiLueB
polynomials whose length is exactly the desired scaffold length

50
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Adjusting DNA parameters

Adjusting DNA parameter to close planar curved helices

Close the helices:
Compute iteratively the
frames along each helix
and adjust minimally the
twist of each helix so that
both ends of each helix
coincide:

2m O,
pi:

T 1044 " N

This spreads the strain




Adjusting DNA parameters
Adjusting DNA parameters for curved DNA bundle

The ends of the trajectories
are misaligned

We align minimally the initial
and final frames to align the trajectories

Closing the helices:

1) Compute iteratively the
frames along the curve
and adjust minimally
the twist of the grid
and then

53



Adjusting DNA parameters
Adjusting DNA parameters for curved DNA bundle

Closing the helices:

1) Compute iteratively the
frames along the curve
and adjust minimally
the twist of the grid

With default DNA parameters, and then

strands are misaligned 2)

Adjust minimally the
twist of each helix so
that both ends of each
helix coincide:

2r O,
p; =,

- |
We adapt minimally The correction is O(1/N)
the number of bases per turn

to align the strands feW 0/0 fOI‘ 2100bp'|0ng helices
54




Adjusting DNA parameters

Spreading the constraints on short helices

} L0008 Fix bounds on the rise and twist, e.g.
| o 3 rise € [0.32, 0.35] nm / base pair
; e el twist € [10.2, 10.8] base pairs / turn

2
e

“’f:/f”f;?/jj:;ﬁ/ For all helices that do not meet the bounds:
g O Nl e ] iati
Longer ,;; {nf’;,ff/ Shorter Look for the best variation AN so that
helices it ot ";e’i&;"‘ff”"&?.,hel'ces —— Lengthinnm ~ 2 CINT;

"SI : % S8 2 5 , ’} rlse —_— y ﬁ — + and

Spreadine / 1 fétraln twist = 27 / f are within the bounds

k7R P 5 and spread the AN over the other helices

O i (0.8 until all helices meet the bounds

Changing the number of nucleotides N can help align the ends of the helix

95



4. Routing the scaffold

(7 - R R R (R R A S L A R AN
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The scaffold route matters

Fails to fold

29.7 deg

[um]
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The scaffold route matters

Staple #: 1040 68..61(8 nt), 4886...4865 (22 nt) Sorted by domain Save PDF
GCGATTAA TTCATCTTCTGACCTAAATTTA (30 nt)

Sorted by domain Save PDF

‘,\\\%\ 1550
\\}\\\‘\ 1600
1650
1700
1750
1800
1850

A\

mm D)

1800

1850 L

must cut to avoid -

too long domains in the scaffold
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The scaffold route matters

R
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Folds!

Folds poorly




The scaffold route matters

SRR

- >

Folds!

Folds poorly

SRS Z L

7

more cuts is better



The scaffold route matters




The scaffold route matters

Death star 1: Folds!

cutin2is e




The scaffold route matters

¥
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R

TEM by Gaétan Bellot & Julie Finkel

Death star 2.1 (4 parallel helices): Fails to fold
cut in 2 is NOT enough here
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The scaffold route matters

3
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TEM by Gaétan Bellot & Julie Finkel

Folds!

Death star 2.2 (4 parallel helices)

4 straight cuts of the outside sphere alone works here!




The scaffold routing problem?

e Looking for an algorithmic formulation of the problem...

= SCOTT PETERS

A KID DETECTIVE ZET MYSTERY

MYSTERY

" OF THE EGYPTIAN -

63



|

T ) I S I -
) | U S U N R -
| I I

Ll
I

T
T
[ 111

Tr
i

| ..
e
[ 11

352

- -
11
|

[

N N N S S - —

Ly

111
]

1 1 —— — )

]

328
T 11T
| | |

S L L L L 1 1 1 1 1 [ 1 1

320

— —
4t

312

|
e e
|

I
f
[

304

-
I |

352

}
1

|
!

1 [ 11

[
!

%1 =
AMTH G

1nn <

n LAY

11 MR
<K
s SHE
< 1 N I
T S
ol [™—= -
o 1] | B |
17 | NI
- S
od ] H
o 1 NN
- S
o H NN
~H o
o 1] | §I8 |
Cemil N <t
S 1H NN
o ] NN
] o | ]
| lh | SR
oI Yo
S NN
o | _ L]
KN HH

e e
|

I
!
I

344

1
81
¥
3
4

2
N

4,
 Z

~1H i i &3
L 1T —4— e -
Vo lNI N e H nu
T e s ne
lulH llH T @I_ _
<11 i T S N
ISP N ~ H milN o411
~H - Hiln L 1y
NI HH Sl I e
o . 5N o I ] < I
- | eHIln
< UHHH Inn Eim od 1]
NI o—tH 1 NN
l\ M~ <4 T
~N1F T
o O
< ~ O 1 S
ol B NI
u WO | | br— n 1
+3 ~_ 1
0 pd | | 13 |
F mui i IR .- H
miiE NN od_ T
~HH =] 1
- o1 N—
~NHH o THH SHEH i1
< o N u S 11
il N I%T Hiln o <y
mii miE miiN T 9
i N | o~NCHE N
il N u L0 BN
<t | I S —HHH
%lil ooHH” N S —-HH
i1 A 1 milm 0 SHE
i i T NI o T
HIID 210 HilE col il B
I <1 NN
= L ~tH | 510 |
I gt SHH o= NIl
<11 o N ~J] ST
il ] N NN ~HH
min s il 5N N
mIIN min Comul HiEn -
o HH ~HH o] 7] Hil N
<111 ~1] N pE IR il
< JHE O B Ei N
min min st = uiLn o Wil N
] a Z =N 1
HILE co NI B
S HIl N il N
< 1] e ~ il N
<~ 11 ~ i
1 o a
CTh SHIH
~H d o |
T W HHH
<t ] ¢ r_/o i
a1 H 1 @]‘ -

64




Stapling
Staples are local and must tie the origami together

 Two main patterns for stapling 2D origamis: S and C
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Only few crosslinks are enough

even for curved shapes
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Stapling
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Stapling
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Stapling

3D bundles




Denaturation Hold Scaffold Staples

phase Temperature ramp temperature t:::?:)n:ir:tn‘r:) h::g:::::: : : l(or;::; Scaffold concentration concentration
(15 min) (°C) (°C) (nM) (nM)

65 60°C to 40°C: -1°C/2h 10 42 20 M137249 20 200
65 60°C to 40°C: -1°C/2h 10 42 12 M13 7560 20 200

65 1) 60°Cto 55°C:-1°C/10min 25 33 18 M13 7560 20 200
2) 55°Cto 25°C:-1°C/1h

1) 60°C to 55°C: -1°C/10min M13 7560
2) 55°Cto 25°C:-1°C/1h

1) 60°C to 55°C: -1°C/10min M13 7560
2) 55°Cto 25°C:-1°C/1h

60°C to 40°C: -1°C/10min . M13 7560

1) 60°C to 55°C: -1°C/10min M13 7560
2) 55°Cto 25°C:-1°C/1h

60°C to 40°C: -1°C/10min . M13 8064
60°C to 40°C: -1°C/10min . M13 8064
60°C to 40°C: -1°C/3h M13 8064




Bezier curves
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ted revolution surfaces
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Twisted revolution surfaces

CryoEM (Gaétan Bellot & Julie Finkel)




Death star I:

2 spirals

)SInt) 200 nM -1°C/h -1°C/2h

M S 10 12 1416 18 20 10 12 14 16 18 20
- - w -~ A e

-

-
- Bemaw . W




Death star i

e A
S0008000808RNNNNNN))

T —
SZ) —~

SOSEDBIMIMNMMMM

999890000

¥
]

— [l

a .
1
-

I .A.
K]

- -

p $

S .mh B
»
=l = !
8] 2
.=. L——
Jied
.0— e
|a]t
- 3
.ﬁ . =l
.C Al
le a:

-1°C/h

n

-1°C/10m
e s e o

: -1°C/10 min

15 min

GOOC —> 400C
et-1°C/1h
10°C Hold

65°C

-

Gel agarose 1%

TEM by Gaétan Bellot & Julie Finkel







Twisted revolution surfaces
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Twisted revolution surfaces

CryoEM (Wulie Finkel) ﬂ



Could fixed pattern crossover spacing work?
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Conclusions

Many direction to improving ENSnano
https://www.ens-1lyon.fr/ensnano

* User interface: Library update and GUI reorganisation
e Scaffolding: Algorithmic formulation?
e Stapling: Local search algorithm on the way

* Multi-component origami: Cloning, Groups, Experiments to
validate new DNA parameter optimisation,...

 Experiments helpers: Plate designs, all in one file
 Dynamical shapes: continuous deformations

 Better and faster physics simulation feedback
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