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) Deterministic description of CRNs
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First and Second Law

CRN Enthalpy: CRN Entropy: Lol
H=~h"-[Z] S = (s° —RIn[Z]) - [Z] + R[Z]
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[Rao & Esposito, Phys. Rev. X 6, 041064 (2016)]



Topology: Conservation Laws & Cycles
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[Polettini & Esposito, J. Chem. Phys. 141, 024117 (2014)]



Topology shapes Entropy Production
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[Rao & Esposito. New J. Phys. 20, 023007 (2018)]
[Falasco, Rao & Esposito, Phys. Rev. Lett. 121, 108301 (2018)]



Information and the Work Principle

9 = Yeq+RTL ([X”[X]eq)
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[Falasco, Rao & Esposito, Phys. Rev. Lett. 121, 108301 (2018)]



... iIn Reaction-Diffusion

R C e Mass-action kinetics
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[Falasco, Rao & Esposito, Phys. Rev. Lett. 121, 108301 (2018)]




Cost of Chemical Waves
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[Avanzini, Falasco & Esposito, J. Chem. Phys. 151, 234103 (2019)]



Chemical Cloaking and its Cost

® Pristine concentration gradient of Z :

® Impermeable object distorting the gradient:

® Preventing the object from distorting the gradient
k
using the CRN: A+Z7Z é B+ 27
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Significant part of the energy comes from the gradient!

Avanzini, Falasco, Esposito, PRE 101, 060102(R) (2020)
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IT) Dissipative Self-Assembly

N X -ojtll'/ib- ~

M* 2M~—= A5

[Penocchio, Rao & Esposito, Nature Com.

Boekhoven et al (2010)
Angew. Chem. Int. Ed. 49, 4825

Ragazzon G. & Prins L. (2018)
Nature Nanotech. 13, 832

12
10, 3865 (2019)]



Energy Storage
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[Penocchio, Rao & Esposito, Nature Com. 10, 3865 (2019)]



Dissipative Synthesis

— — extraction / injection

@ steady-state O equilibrium

21 ext-['] - =» M [Ao] - -~~~ B eyt

Ty e
I+ - L -+
By i
M [A3]

0.006 §v~~~
0002
-5 0.000 E
0= 102 1071 10° i -
Fiue/ BT : 0 o 10
linear regime Fruet/ RT

14
[Penocchio, Rao & Esposito, Nature Com. 10, 3865 (2019)]



[1I) Stochastic formulation

* Dynamics: Chemical Master Equation

- Infinite space of species abundances (NA , MB - *) instead of ([A], [B]--)

* Thermodynamics: Stochastic Thermodynamics in Infinite Spaces

- The structure of thermodynamics is exactly the same

- Entropy is now the Shannon entropy of the probability of species abundances

S(n) =—kglnpn + (s5,

-n—Inn!)

- Entropy production satisfies a fluctuation relation

[Rao & Esposito, J. Chem. Phys. 149, 245101 (2018)]

* From stochastic to deterministic description:

- Linear CRN: full equivalence

- Deficient CRN: equivalence at steady state

<Zstoch> — Zdet
[Polettini, Wachtel & Esposito,
J. Chem. Phys. 143, 184103 (2015)]

- In general no equivalence, in particular in presence of phase transitions

[Lazarescu, Cossetto, Falasco & Esposito, J. Chem. Phys. 151, 064117 (2019)]
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Accuracy in Dissipative Self-Assembly

Steady-state (long time limit of energy storage)
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[Falasco, Cossetto, Penocchio, & Esposito, NJP 21, 073005 (2019)]



IV) Conclusions and Perspectives

* Fundamental findings:
- Topology of a network shapes its thermodynamics

- Thermo. and Info. are fundamentally related even at deterministic level

* Framework to asses the cost, accuracy and speed of various cellular operations:

- Energy transduction from molecular motors to metabolism
- Cost of cellular information processing and computation
* Perspectives:
- How do energy and information constrain biology at higher levels?

- Keeping track of energetics at higher levels is a major challenge

17
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Thermodynamic Consistent Coarse graining

Correct dynamical coarse grainings can give rise to wrong thermodynamics !
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[Wachtel, Rao & Esposito, New J. Phys. 20 042002 (2018)]



Stochastic Dynamics of Open CRNs

n Internal: population
State ; N
[Y] Chemostatted: concentrations o S —
= E.n EH
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(n—vp)!
Local Detailed Balance In Wp(n) =—p [(9 S. —( ) + y - SY]
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e _
0™ Law: Closed CN are Detailed-balanced prnfl X e Bgn
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[Rao & Esposito, J. Chem. Phys. 149, 245101 (2018)]



Stochastic Thermodynamics of CRNs

Stochastic Trajectory: Ny =Ny — N1 — ... — Nt for given protocol 7Tt

Enthalpy: H(n) =h° - n Entropy: S(n) — —lnpn + (S% -n—In n')
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[Rao & Esposito, J. Chem. Phys. 149, 245101 (2018)]



Stochastic Thermodynamics I

TZ[nt] = Wehem ni] — AGny]
Wchem — deUY(T) . I(T)
(G) =3 pPnlgn +keTInpyl = Gog + kgT D (p|peq)
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[Rao & Esposito, J. Chem. Phys. 149, 245101 (2018)]



Stochastic Thermodynamics

TX[ne] = Wyalng] + Wielng] — AGng]
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[Rao & Esposito, J. Chem. Phys. 149, 245101 (2018)]



Detailed Fluctuation Theorem

noneq: gn (71t )
=

\ relaxation:
N {F y — O}
\\
> g
equilibrium:

equilibrium:
gn (71t )

gn(TtO)
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[Rao & Esposito, J. Chem. Phys. 149, 245101 (2018)]



Deficiency and Complex-Balanced CRNs

Deficiency
open
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[Horn & Jackson, 1972], [Feinberg, 1972], [Anderson, Craciun, Kurtz, 2010]



Thermo of Complex-Balanced CRNs

Average Stochastic Entropy Production

- <Zst0ch> — Zde’c

Deterministic Entropy Production

105 ___ Entropy Production Rate

—1.0LA—A

| }60 101 | 102 T0°
109 101 102 103
Q

[Polettini, Wachtel & Esposito, J. Chem. Phys. 143, 184103 (2015)]
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Thermo of Complex-Balanced CRNs

Adiabatic—Nonadiabatic decomposition of the deterministic entropy production

TS = —-S]—d¢[X] - RT n X >0

X]
L J
v N N J
Adiabatic Nonadiabatic Z
hd > O . d
1o 2 2na >0 Relaxation Driving

AL N
Ve — N\ _ N
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[Rao & Esposito, Phys. Rev. X 6, 041064 (2016)]
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