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Motivation: DNA replication (DNA — DNA)
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Which conditions for accuracy?
What is the cost of accuracy?



Mean elongation velocity

Previous works
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g dr vA = 0, Conditional entropy

Polymer elongation models: m::_‘;/_: /

Andrieux, Gaspard, PNAS (2008)] A = & + D(polymer|template)
Sartori, Pigolotti, Phys. Rev. Lett. (2013)]

Poulton et al., PNAS (2019)] [Andrieux, Gaspard, PNAS (2008)]




Mean elongation velocity

Previous works
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< dr vA =0, Conditional entropy

Polymer elongation models: m::_‘;’_: /

Andrieux, Gaspard, PNAS (2008)] A = & + D(polymer|template)
Sartori, Pigolotti, Phys. Rev. Lett. (2013)]

Poulton et al., PNAS (2019)] [Andrieux, Gaspard, PNAS (2008)]

Limitations:

» Dependent on molecular details » Spontaneous fluctuations (passives,
without template) ignored

m;LH :ZIH .
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— More general formalism needed
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Our approach

- Coarse-graining over molecular details
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Our approach

- Coarse-graining over molecular details

- Two competing pathways: spontaneous and templated

- Explicit description of energy consumption and dissipation




Our approach

- Coarse-graining over molecular details

- Two competing pathways: spontaneous and templated

- Explicit description of energy consumption and dissipation

- Population level description



Statistical mechanics ensemble

Schematic
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Sequence selectivity

: .t kt kit
Micro-reversibility L = ¢ AKL — = e~ (Bu—=Bup)L
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Energy changes Ay — _
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oer monomer



Sequence selectivity

Micro-reversibility — = g Al k]—_ = e~ (OBl
: j

Energy changes Ay — Ay —
p, = €5/L — iy Hp = g — py > 0

oer monomer

| [Ouldridge and Rein ten Wolde, PR

' Copies must be persistent
— No lasting copy/template interactions

— For autonomous systems, selectivity must be kinetic |
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Sequence selectivity

Micro-reversibility L =¢

Energy changes Au
per monomer

= €s/L— py App = pp— py > 0

' Copies must be persistent
— No lasting copy/template interactions

- — For autonomous systems, selectivity must be kinetic |
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Kinetic sequence selectivity:

0<g<L Number of errors
g=|T-S,| Hamming distance
a Speciticity

+ Sequence-independent energetics:
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Statistics of errors

0,p(Ng, t) = k,p(Ng — 1,t) — (k, + Nk )p(N¢, 1) + (N + 1)k ;p(Ng + 1,1) k, = kj'" + kT Total assembly rate
2,p(0,t) = — k,p(0,¢) + k,p(1,1) kg =k + k. Total disassembly rate
Solution
AS
p(NSa t) — NLS!e ﬂq

Ay = % (1—e™*)



Statistics of errors

0,p(Ng, t) = k,p(Ng — 1,t) — (k, + Nk )p(N¢, 1) + (N + 1)k ;p(Ng + 1,1) k, = kj'" + kT Total assembly rate
2,p(0,t) = — k,p(0,¢) + k,p(1,1) kg =k + k. Total disassembly rate
Solution
N s k' + kT
1) = —e "4 N >
P 3 ) Ns! (Ns7 t—oo k- +kj_
A = ol 1 —kt L
9= %, ( — € ) Rate parametrisation matters:
Ft = F e—A,u,,L kj+ — koe—aqe—(A,u,,—A,uF)L
k- =k, kj_ = koe
Choice: Polymers disassemble only spontaneously for large L
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Statistics of errors

0,p(Ng, t) = k,p(Ng — 1,t) — (k, + Nkyp(Ng, 1) + (Ng+ 1)k;p(Ng + 1,1)
2,p(0,t) = — k,p(0,¢) + k,p(1,1)

Solution
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Rate parametrisation matters:

+ —Ap, L
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kj+ = kye —aq p,—(Ap,~Aup)L

k= koe ™

Choice: Polymers disassemble only spontaneously for large L
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_ L+t
k, = kj + k" Total assembly rate

k; = kj_ + k. Total disassembly rate

- Number of copies with |

an error fraction x = %
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Phase diagram x = g/L : monomeric error fraction
Finite L
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Phase transition from randomness to accuracy Ll R
When varying energy drive AupT Al
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Phase diagram

Large L

Random copies

Accurate copies

Energetic

Can the population participating in this phase transition vanish?

Entropic

contribution contribution
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Non-equilibrium steady-state current
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Freedom in the parametrisation of kinetic rates

kY + kF
Kinetic barriers matter even in steady-state! (Ng) — S
f— 00 kr_ -+ kj_
Templated Spontaneous
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Templated disassembly dominates spontaneous disassembly for ax < yAug
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Speeding up templated disassembly: finite L

y > 0

App
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4 new phases: E- New error fraction



Speeding up templated disassembly: large L

y > 0
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Speeding up templated disassembly: large L
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Ta ke-home messages [Genthon, Modes, Julicher, Grill, Phys. Rev. Lett. (2025)]

® General framework to investigate energy-consuming information copying

® Allows for a discussion of cost-accuracy trade-offs LAyt vs x,
(in particular with number m of building blocks)

® Discussion of processes that are not tightly-coupled is possible (e.g. kinetic proofreading)

Stephan Grill Carl Modes Frank Julicher
/ R mpipks
MAX PLANCK INSTITUTE .
OF MOLECULAR CELL BIOLOGY \'
AND GENETICS 14
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Backup slides



Cost-accuracy trade-off in number of monomer types m (Large L)

Accuracy

1
X

= Error fraction of accurate copies
“T 1 ¥ eal(m— 1) P

Cost

Energy cost per monomer

Ay =1 ~
= In
"F [+ (m — e

Total energy cost

In (1 — 1)e™
E¥ = Lim)Au}: = (1 n( on = De )>ln£2

tot ln m

Q =m" Number of “messages” of length L in base m
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Cost-accuracy trade-off in number of monomer types m (Large L)

Accuracy

1
X, =
l +e4/(m—1)

Error fraction of accurate copies

Cost
Energy cost per monomer
Apk =1 -
= In
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Number of “messages” of length L in base m
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Trade-off:
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General phase diagram

Templated:
kj_ — koe —axLe —((14+a)Ap,—(1+y)Aug)L
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J

Spontaneous:
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Arpitrary splittings:
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App
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Kinetic proofreading

- Random number N of fuel-consuming proofreading cycles

— distribution of values for Ay

- Explicit coarse-graining over proofreading pathways

— effective specificity a(x, L)
— effective per-monomer energy Au(L)

- Weak proofreading limit (single-state polymerase backtracking)

— increase of the specificity agp > a
— decrease of the error fraction (x )gp < X,
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