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The Problem

Enzyme-assisted assembly process
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Examples:
o tRNA aminoacylation: tRNA + aa — activated tRNA
e DNA transcription: ssDNA + nucleotide — DNA + RNA

Error rate: .
rate of wrong catalysis: Jy

~ total rate of catalysis: Jr + Jy
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The Problem

The problem

¢ Physiological error rates are much smaller than
thermodynamically expected

e Kinetic (non-equilibrium) mechanisms have been
suggested to explain this fact (Ninio 1974, Hopfield 1975,
Bennett 1979)

o Correction entails thermodynamic expense

e Can we characterize the thermodynamic efficiency of
proofreading?

e Can we characterize how different proofreading
mechanisms fare in efficiency, speed and accuracy?
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Description

Enzyme-substrate complexes identify states i
Dynamics described by master equation:

dp; /
% = (kijps — Kipi)
J (i)
Irreversible catalysis rate: F
Kramers’ form for the reaction rates (kg T = 1):

k=Qe A

Entropy production S; and entropy flow S, (steady state:
pi):

. _ _ kl_
S =35, (kB — kibi) log /3
. — = kij

S = _%Zi;éj/ (kijpj - l(ffp/) log kTJ,
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Observables

Entropy balance in the steady state:

~SF =0
~——
catalysis

d ..
~3 Zpk logpk = Si + Se
K

Mean step duration:

T := (total catalysis rate: J; + Jy, )~

Entropy production per step: A;S:=r1 S >0

Entropy flow per step: A.S: =75, <0

Free-energy dissipation in the final catalysis:

ASrF =1 Sk = 7F 3¢ Btinal state(s) 2 Hfinal step
Efficiency: n:= ASE/A.S =1+ A;S/A.S, 0<n <A1
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Michaelis-Menten model

Simple discrimination without proofreading
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kr+ = we‘”e, kri = we[S
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Ky = we, ky = we

After Sartori & Pigolotti, 2013
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Michaelis-Menten model

Simple discrimination without proofreading
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Two regimes (Sartori & Pigolotti, 2013):
Energetic discrimination: ~ > J; £min is reached for F — 0
Kinetic discrimination: v < 9; &min is reached for F — oo
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Michaelis-Menten model

Simple discrimination without proofreading
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Michaelis-Menten model

Simple discrimination without proofreading

(d)
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Efficiency-error trade-off in the purely kinetic regime of
discrimination (scale change!)

v=38,¢e=10,w =1and

0 = 6 (grey), 6 = 8 (light blue), 5§ = 10 (dark blue)

Summary
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The Ninio-Hopfield model

Opening a proofreading pathway

Gibbs free energy, G

reaction coordinate

After Sartori & Pigolotti, 2013
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The Ninio-Hopfield model

Opening a proofreading pathway
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(0,6p) = (0,0) (green: energetic-energetic)
(0,6p) = (6,0) (grey: kinetic-energetic)
(6,6p) = (0,6) (light blue: energetic-kinetic)
(0,6p) = (6, 6) (dark blue: kinetic-kinetic)



Models

The Ninio-Hopfield model

Opening a proofreading pathway

Kinetic and energetic discrimination regimes can cooperate
in the proofreading pathway reducing the error rate

Faster, more dissipative and more efficient process obtains
when the kinetic discrimination predominates on the first
pathway

Minimum error rate (Hopfield 1975: &min = e27):

fmin ~ ei(max(775)+fy+5p)

&min is reached in the F — 0 limit
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The Murugan-Huse-Leibler model

Multiple proofreading cycles
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The Murugan-Huse-Leibler model
Multiple proofreading cycles

Summary

Dissipation per step in the kinetic discrimination regime:

(d)

dissipation per step, A:S

y=0,w=1,¢=10,0=3,N=1,23
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Summary

We analyzed accuracy vs. speed trade-off for several
proposed models of kinetic proofreading

The kinetic vs. energetic discrimination concept plays an
essential role

We introduced and evaluated an efficiency measure for the
process

Outlook

¢ We have also considered processes with short-time
memory: the results are very similar

e The analysis can be extended to other kinds of information
processing (e.g., sensing)
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