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COPOLYMERIZATION PROCESSES

statistical copolymer = spatial support of information
= aperiodic crystal by E. Schrodinger, What is Life? (1944)
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D. Andrieux & P. Gaspard, Non-equilibrium generation of information in copolymerization processes
Proc. Natl. Acad. Sci. U.S.A. 105 (2008) 9516



THERMODYNAMICS OF
TEMPLATE-DIRECTED COPOLYMERIZATION

ds
dt

entropy production rate: Av=0 mean growth velocity: v ky =1

entropy production A=¢e+ D(Copy‘template)
per monomer (affinity):

= ¢ + D(copy) — I(copy,template)

AG
T

conditional disorder of the copy w with respect to the template a: D(a)‘a) (replication errors)

free-energy « driving force »: ¢ = C. H. Bennett, Biosystems 11 (1979) 85

overall disorder of the copy w: D(w) (information theory)

mutual information between the copy and the template:  I(w,a) = D(w) — D(w|a) =0
(replication fidelity)

The copy can grow by the entropic effect of replication errors
in an adverse free-energy landscape with € <0,aslongas A=¢+ D > 0.
Replication errors can perform mechanical work.

D. Andrieux & P. Gaspard, Non-equilibrium generation of information in copolymerization processes
Proc. Natl. Acad. Sci. U.S.A. 105 (2008) 9516



DNA REPLICATION IDNA polymerase ?rti‘;:\eozsp;ggte

template-directed copolymerization

nucleotides : . -
, , Watson-Crick pairing: Extension
A: adenine  T: thymine o o
- - ®
C: cytosine  G: guanine A-T and C-G . R A

powered by 2 ATP/nucleotide

V Extension
(error)
® . 1

' ‘ 5
V Proofreading
©m

DNA polymerase III (prokaryotes)
a subunit: polymerase activity (DNA synthesis)

¢ subunit: exonuclease activity (proofreading)
1000 nt/S Wikipedia




exo~ T7 DNA polymerase

Data: K. A. Johnson, Annu. Rev. Biochem. 62 (1993) 685-713 K, ~200 mM [PP]1=10"M

Rates for correct or incorrect nucleotide incorporation, Wikipedia
depending on the previously incorporated nucleotide.

There is no effect of sequence heterogeneity: the template appears homogeneous.
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P. Gaspard, Phys. Rev. E 93 (2016) 042419



exot T7 DNA polymerase

Data: K. A. Johnson, Annu. Rev. Biochem. 62 (1993) 685-713 K, ~200 mM [PP]1=10"M

P X

Polymerase & exonuclease activities: velocity v=r"-—-r Wikipedia
. ey -6
Proofreading by the exonuclease: error probability n<<n, =10
The polymerase is out of equilibrium, even if v = 0.
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P. Gaspard, Phys. Rev. E 93 (2016) 042420



KINETICS WITH SEQUENCE HETEROGENEITY

nucleotides m,n=A,C,G,T=1.2,3,4
DNA copy: -

Py W = nymy:-- m;_, Tm, <= mm,---m;_m,

DNA template: o= nn, ---n,_ n,n, - N, <N, NN,
Kinetic equations: a pt( ! ! )=W+mz,n, pt( ! - )+ W o pt( ! S )
dl‘ nl...nl nl+l.“ nl.“nl—l nl... — nl...nl nl+1...

m .-.m
- W_ml My + EW'H"HI Mg P’( | l )
[attachment and detachment rates: W, , iy Myees Iy My

growth of a Bernoulli chain:

ml...ml

/
Pt )zpt(l) X H;u(mjaj)
nl... o1t

n,n i ,\

local velocity: x,

mean growth velocity:

(1

iterated function system: pairing probability:
(Barnsley & Demko, 1985) X
. u(m,,l) = l et
X, = f, (xl) with X W + X,
W > u(m,. 1) =1
x = x +m,n ml
f,(x) E—W -
nef1,2,3,4} 10°-10° faster than

Monte Carlo simulations

P. Gaspard, Phys. Rev. Lett. 117 (2016) 238101; Phys. Rev. E 96 (2017) 042403



ex0~ human mitochondrial DNA pol y

Data: A. A. Johnson and K. A. Johnson, J. Biol. Chem. 276 (2001) 38090-38096
H.R.Lee and K. A. Johnson, J. Biol. Chem. 281 (2006) 36236-36240

4 general I
physiological
concentrations:
[dATP] = 24 uM
[dCTP] =29uM
[dGTP] = 5.2uM
[dTTP] =37uM

error probability:

_ -5
kn~9x10 J

GATP imbalanc;
with respect to

physiological
concentrations:
[dATP] =1 nM

error probability:

k n=0.27 /

P. Gaspard, Phys. Rev. Lett. 117 (2016) 238101
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normal cell
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concentrations:
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ex0~ human mitochondrial DNA pol y

Data: A. A. Johnson and K. A. Johnson, J. Biol. Chem. 276 (2001) 38090-38096
H.R.Lee and K. A. Johnson, J. Biol. Chem. 281 (2006) 36236-36240
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[dTTP] = 5.4uM
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10-2
10-3
10-4
10-5
10-6 -
10-7 .
10-8 .

Mutation rate 1)

10-9 -
10-10.

10-11 d

REPLICATION, MUTATIONS & EVOLUTION

Molecular fluctuations are sources of mutations

S. Gago, S. F. Elena, R. Flores, and R. Sanjuan, Science 323 (2009) 1308
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CONCLUSIONS

Copolymers are natural supports of information, e.g., DNA, RNA.

Thermodynamics of template-directed copolymerization:

The entropy production rate depends on the mutual information 7 between copy and template:
1 dS

ras_ [

=v|-———+D -1 t late) | =0
K di kT (copy) — I(copy.temp ae)] =

Powerful method to solve the kinetic equations: 10°-10° faster than Monte Carlo simulations.
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mp,
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iterated function system: ~ Wom i rates: W
. .. my_ -1~ 114 vml A : xm;m;_y !
for the local partial velocities e Ym0 TV

- exact solutions of kinetic equations for DNA replication, transcription, and translation
- mean growth velocity, error probabilities, effects of sequence heterogeneity

Perspectives to understand dynamical aspects of information in molecular biology:
- Fundamental thermodynamic link between metabolism and self-replication.

- Mutation rates in DNA replication without and with proofreading.

- New light on the molecular mechanisms underlying biological evolution.

P. Gaspard, Phys. Rev. Lett. 117 (2016) 238101; Phys. Rev. E 96 (2017) 042403



