Non-equilibrium Work Relations

Eric M. Downes
edownes@wisc.edu

U.W.-Madison Biophysics



Motivation

RNA Polymerase reads your genes

v NTP
Translocation  binding Chemistry PPi release
O @]
D= = = 2
i1
Pre- Post-

translocated  translocated



Motivation

RNA Polymerase reads your genes

v NTP
Translocation  binding Chemistry PPi release
O @]
D= = = 2
i1
Pre- Post-

translocated  translocated

» Copies black—red: Fwd Rxn builds red piece-by-piece.

» Reverse Rxn breaks red apart.



Motivation

RNA Polymerase reads your genes

v NTP
Translocation  binding Chemistry PPi release
O @]
D= = = 2
i1
Pre- Post-

translocated  translocated

» Copies black—red: Fwd Rxn builds red piece-by-piece.
» Reverse Rxn breaks red apart.
> Ratchet and Pawl w/ 2kx? ~



Motivation

RNA Polymerase reads your genes

v NTP
Translocation  binding Chemistry PPi release
O @]
D= = = 2
i1
Pre- Post-

translocated  translocated

v

Copies black—red: Fwd Rxn builds red piece-by-piece.

v

Reverse Rxn breaks red apart.
Ratchet and Pawl w/ $kx? ~
Wi, > Whpey = AG ... But by how much?

v

v



Motivation

RNA Polymerase reads your genes

v NTP
Translocation  binding Chemistry PPi release
O @]
D= = = 2
i1
Pre- Post-

translocated  translocated

» Copies black—red: Fwd Rxn builds red piece-by-piece.

v

Reverse Rxn breaks red apart.

Ratchet and Pawl w/ $kx? ~

Wi, > Whpey = AG ... But by how much?

Micro. Reversibility & AoT meet = (W) and AS,,, Needed!
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Overview

Two-State System
Thermodynamic Perturbation Theory
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We cannot measure co-fast...
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If we performed the perturbation co-slowly, then by Gibbs' def. of
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instead!
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» Confirmation of <676W>paths = 27/ follows trivially.
» TPT still works with relaxation, if we use W!

» Z' final state only after equilibration.

» ... But the 7s cancelled! Maybe | am tricking you?
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Big Picture
» Let A\(t) specify macro-state Q(t); e.g. band-gap e.
oo EA(E), u(t)] & ea. W-step ~ M[A(t)] = MA(t + 1)].
> N= {I‘I[)\(O)],I'I[/\(l)],...}
» & Ea. M[)] balanced: M[A]ped) = pea(V),

Microscopic Reversibility

» For 2-State "Balanced” = "Detailed Balance”
+ _
{%— =e Be} = {”UP}W = ”jipfq}
» Want to allow coarse-grained or effective dynamics, so:

Make a 1 = Time-reversed I

> Same p® ﬁ,jpfq = N;ip? | & ﬁ[A(t)]ﬁA(t) = PA(t+1)




Crooks Fluctuation Theorem 3/3

» Time Reversed trajectories:

—

() = pe) = (T = 1) (/)

(—"™)



Crooks Fluctuation Theorem 3/3

» Time Reversed trajectories:
plt) = le) = u(T — 1) - (/) = ()
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Crooks Fluctuation Theorem 3/3
Time Reversed trajectories:
plt) = le) = u(T — 1) - (/) = ()
First-step ©(eq)= conditional path-probability P[u(t)|uo].

P pulls from T
e.g. 73{/ \ } =n (1-7")

Pla(t)|pur]  Ri2723 ... Fn_1,n

Consider Full trajectories:

Plu(®)lpolpa™®  _gaq (e BTN su,
Pla(t)|pr]pea AT e PEr=Fr)

<g[ﬂ] > FWD - <g[u]e7ﬁWd>REV
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Beyond Straight-up Physics

» “B(Ei — F)'= —Inp}; "Energy” is "unlikelihood" of state i.
» “Heat": SAQ = — In%

» Relative entropy summarizes Second-Law for paths:

Ptwd

Prev

| (BWq) fwd paths = Dkt (Pfwd||Prev)| >0

BWy = B(AE — AQ — AF) = In




