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Heterogeneous & homogeneous self-assembly

DNA Origami Viral Capsid Assembly

monomers (information-rich) (information-poor)
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Nucleation must be significantly slower than growth
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Time complexity of self-assembly

How fast can one reach the self-assembled state?

Even it the steady state is an equilibrium state
this Is a question of dynamics!

Gartner, Graf & Frey, eLife 9, e51020 (2020), PNAS 119, 2116373119 (2022)



Self-assembly “algorithms”

Assembly is a “computational problem”

Gartner, Graf & Frey, eLife 9, e51020 (2020), PNAS 119, 2116373119 (2022)



A conceptual self-assembly model

® yield > 90% —> minimize Too

S

o

OXONONIRONONONCXE

L0

activation
1

®G

N 4
dimerization

1

0@

K

2

2D

a
—

a 2
A

a

3

e

@e

active monomers

@G

@6

®®

2 51

R
badl:

o

5

2

3

: _5,\52

L=3 S=9
attachment ———
6 1123
456
718|9

complete structure

1

3 51
detachment >— 213
6

6

5, = Ae "Es

4

213

‘XG

7

8

incomplete structure

3D 1D
S=27 S: =5
1]2]s “6
=3 { Falsle “66
7|8]9
scenario control
parameter
Eg
dimerization H
activation a
just-in-sequence { Tz}

Gartner, Graf & Frey, elLife 9, e51020 (2020), PNAS 119, e2116373119 (2022)




Self-assembly scenarios (control)

supply control molecular control
just-in-sequence scenario dimerization scenario
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activation scenario reversible binding scenario

Ili>ll 123ﬁ>1z+




Computer Science

computational problem
algorithm

termination criterion
CPU time

input size

Self-Assembly

biological self-assembly
assembly scenario
90% vyield

real time

size of target structure




Yield curves (steady states)
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Scaling analysis exemplified for dimerization

] o # nucleation events
Slow nucleation principle: ~ 1/S
# attaching monomers

Dimerization scenario: decreasing the dimerization rate u Popt STV ~ 1/
disfavours initiation of new structures relative to the growth U ~ vlS>
of existing structures. opt

Dimerization is the rate-limiting step. Toin ~ (C,uopt S)_1 ~ (Cv)7'S

Time complexity exponent: ¢ =1

How to transfer the result from 1d to 2d to 3d?

Volume ~ R4~ §

Area ~ Rd—l ~ S(d—l)/d
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Dimerization scenario Activation scenario
U <LU a <K Cv

allosteric effects, enzymes slow production/injection, NTPases
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Reversible binding scenario Just-in-sequence scenario

o> Cv T,<T,<Ty<...
reduced binding energy, high temperature coordinated supply, gene expression
6 supply protocol (2D)
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Morphology of building blocks

Shape matters!

Gartner & Frey, under review



Strong binding & preferred kinetic pathways
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square triangle hexagon

stable

Initial nucleation — Secondary nucleation — Growth (‘domino effect’)




Scaling laws & assembly exponents
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Scale invariance!

Final Yield
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Effective kinetic model

Monomers dym(t) = —o im® (t) —om7(t) Y fecs(t),
Nucleus Oico(t) = pm2(t) —vm7(t) fsco(t),
Cluster Orcs(t) = vm7 () [ fo—1 cs—1(t) — fscs(t)] -

combinatorial factor: fy = a s
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Scale invariance of assembly kinetics

S
Monomers oym(t) = —aDmV/ s“c(s) ds
o
Nucleus avm” (t) c¥c(o,t) = pm?(t)

Cluster Oic(s,t) = —avm?0s[s¥c(s)]

These differential equations exhibit scale invariance!

m(t,81,5) = Cm(S~Y, S~ 6)

c(s,t,81,58) = CS2&(S's, 0L, S7%6,)
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Exponents determined by assembly parameters

opt y 2—w
Control parameter exponent: 51 ~ S ¢ = c—y—1
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Scaling laws & assembly exponents
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How can we make assembly robust?
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Make triangle-shaped building blocks form higher-order constituents

Huge reduction in assembly time

Increased robustness to parameter variations



Self-assembly dynamics - What we know

Slow nucleation principle

Time complexity of self-assembly T(S) = ?

Power laws and scaling laws

Morphology of the building blocks matters

Self-assembly dynamics - What we do not know

Information-rich vs. information-poor
Spatial and temporal organization

Size and shape control



Acknowledgements

DFG

MAX
PLANCK
SCHOOLS

Matter to Life

Florian Gartner Isabella Graf
(LMU) (Yale)

S, ARNOLD SOMMERFELD
LMU Eﬁi\{%iﬁf? CENTER FOR THEORETICAL PHYsICS

......
. .oo.‘.....
)

PhysicsOfLifeLMU



~

Pattern formation in mass-conserving systems )
reactive boundary conditions cytosol
’ -D.V.c|s = f(m.c|s) l 9 S ® I Bre = DV + Rue(©)
k\‘\o feedback
S
9ym = Dy, V2m + Rypom (. cls) ] membrane
protein patterns
) —\ Theory of Living and Soft Matter
Topological phases in
population dynamics . ~
; A Intracellular transport
. . “‘G\_‘
p/‘Y
GRL 20, PRE 18 ) \ )

4 Active matter A
Science 18, PNAS 20,
k Nat Mat 22, Nat Comm 22 J

Self-assembly dynamics

GLife 20, PNAS 22, PRL 23 J




