PREVIOUS LECTURES

1. The Topology of the Possible
(La représentation de l'information biologique)



TAKE HOME
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4 evolvability: robustness enables change

4 continuity in evolution: nearness via accessibility
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B potential speed-up of evolution
(Baldwin effect)
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THERMO-PHYSICAL MODULARITY
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CONTEXT INDEPENDENCE (RUTONOMY )

‘E random sequence fragments

probability of preserving
structural integrity
upon transplant

44/ canalized




NEUTRAL EVOLUTION OF THE PREDECESSOR FUNCTION...

pred = \z1.((z1) Azo.((z2) Axs.23) Axg A\v5.((22)x4) (24)x5) Axg. (1) AT7.AT8.AT9. 29

s A
(pred)n=(S)"A4,

n=0 Ap =0 n>0 A,.,=A

(S)A' =0

(S)*'0=n-1



LECTURE TWwWO

2.
The Propagation of Genetic, Phenotypic,
and Molecular information



A SMALL ScALE MoODEL OF (A CARTOON OF ) EVOLUTION

phenotypes
folding natural selection
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“— " amplification and
variation

genotype space

variation selection



FLow REACTOR @ "CONSTANT FLOW"

materials mixture




FLOw REACTOR @ "CONSTANT ORGANIZATION"

- O\ materials in excess Sequences
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cz(t)

_Cz(t) fici(t) — o(t)ci(t)

= fici — ¢c;




DARWINIAN SELECTION

C; = Jici — ¢c;
n
C
Ly = — - with Z Ly =
2. € J=1
j=1

[fi = fiwi - f(Dz; = 2 (fi —m)]

¢(t) S.t. ZC'L =0

change to
relative concentrations

€3
1 +5132+.CU3=1

H 62

C1

“Darwinian selection”



DARWINIAN SELECTION

Cw’i = fix; — f(t)x; = x; (fz' - f(t))] “Darwinian selection”
fm =max{fi;i=1,...,n} assume a maximal f;
lim z,,(t) =1 . .
t—o00 asymptotic behavior
thm ri(t) =0, Yitm

Note:

%¢:ij% ny (fj% L j kaxk)
j

— -2 cf. Fisher’s fundamental
=f2=f =var(f) theorem



DARWINIAN SELECTION

0.8 ’
NRVIRW.
0 / >< Ji=1, f2=2, f3=3

0.2 // // \\ (21(0),22(0),23(0)) = (0.9000,0.0999, 0.0001)

X1(t), Xo(t), x3(t)

€3 63
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—Xy—> courtesy of Peter Schuster, Vienna



DARWINIAN SELECTION WITH MUTATION

n
Ti = fivi — ox; o=> fjz;=f(t) no mutation
j=1

include mutation

()4 is the rate of production of i from |

I;

I; ;

' .]:/:Z with ZQijZl
=1

_E?ifi" I; +

Qj\f‘ I + I
(Qu Q12 ... Qun
Qo @ G
O Q2 .. Qun

=S Qi —dwi| 6= oy - F0) Q-
g=1 j=1

t
zi(t) = z;(t) exp ( /; o(7)dr ) nonlinear transform (integrating factor)

\4

mn
Zi = Z Qijfiz coupled linear system
j=1



DARWINIAN SELECTION WITH MUTATION

mn
6 - J; Qij J J ZD diagonal

z=Wz /WzQF‘j

positive off-diagonal elements

L'WL=A

C(t) = L z(¢) z(t) = LE(t) standard linear algebra
L'2=L""Wz=L"'"WIL(

¢ =AC Perron-Frobenius applies

Ckt = Ck(0) exp(Axt)



THE QUASISPECIES

mn mn
x(t) = Z zi(t)e; = Z () change of coordinates
i=1 k=1 eigenvectors of W
=8 (M—0) b= Mbr =2\ same form as before
k
d — =2
€3 1 and also —¢ = A2 -\
dt
-------- 81 0.8
A l1 —the “quasi-species”
o 0.6
X3
A 0.4 white/red —increasing f
_ / \ 0.2 white/blue —non-increasing f
R />< : grey/green—possibly
g 8 S N non-monotonic f
3 e '
____________ 3

fl = 1.9, f2 = 2.0, f3 =2.1 Qi =0.98, Qij =0.01



ERROR THRESHOLD

Gz’ - Zn: Qij i - ¢569 ¢ = i fia; = f(t) negleat “backiiow”
j=1 j=1 Y Qnsifsiss = 0

l EZ 00}

“single-peak” landscape
fm > fz = f Vi+m

jjm = Qmmfmxm - ¢xm = (Qmmfm - ¢)xm
x.thm = ijfjxj + Qjmfmxm - ¢xj

¢:fmxm+f Z xi:fmxm+f(1_xm)

71EmM
Tm =0 = &=0Qmmfm solve
mmYm 1 . m C
T = @rmmo 7 with Om = fT o, Superiority of master
O —

6m >0 = Qmmom >D “error threshold”




ERROR THRESHOLD

Tm >0 = Qummom >1 uniform error model: Qum = (1 -p)’
-1 Inoy, Inoy,
pe=1-0p » o Imax = .

Relative concentration y(p)

R /
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—— Error rate p—>




Relative concentration y(p)

Relative concentration y(p)

ERROR THRESHOLDS ON LANDSCAPES

single-peak

’
0.8 \
0.6 N\

0.4 \
0.2 ~ \

0 0.01 0.02 0.03 0.04 0.05
—Errorrate p—>

linear

0.8

0.6

]
//

e —

—_— |
0 0.001 0.002 0.003 0.004 0.005
—— Errorrate p—>

0.2

Relative concentration y(p)

Relative concentration y(p)

hyperbolic

o
0.6 \
o\

o2 /| /&‘
/< 2 =

0 0.01 0.02 0.03 0.04 0.05
——Errorrate p—>

quadratic

0.8

0.6

SS— -
| ———

0 0.001 0.002 0.003 0.004 0.005
—— Errorrate p—>




MUTATION RATES AND GENOME SIZE
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Selma Gago, Santiago F. Elena, Ricardo Flores, Rafael Sanjuan. 2009, Extremely high mutation rate of a hammerhead viroid. Science 323:1308



THE QuUASISPECIES IS THE UNIT OF SELECTION

two-peak landscape stationary distributions
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quasispecies

error class

Manfred Eigen “From Strange Simplicity to Complex Familiarity: A
Treatise on Matter, Information, Life and Thought”, OUP, 2013. p539



QUASISPECIES AND POPULATION GENETICS

quasispecies
T = i@ﬁﬂrmwi W=QF
W TO)e
fi:(fi—m)xz‘JrilMij% / W=pu+F
=

selection-mutation model



PHENOTYPIC ERROR THRESHOLD

Gz’ - Zn: Qij i - ¢569 ¢ = i fia; = f(t) negleat “backiiow”
j=1 j=1 Z Qmifiz; =0

l 1+FM

“single-peak” landscape
fm > fz = f Vi+m

jjm = Qmmfmxm - ¢xm = (Qmmfm - ¢)xm

k .
o = Z v i=1 2 equivalence classes
m (2 - /R
=1

k Include mutational
M = > i = ((Qrk + A (1= Qkk)) frm — @) nm  flow within neutral network
l =1

| fraction of neutral mutants
(all equally accessible)

1= M\,0m H
pe=1- TESrS “phenotypic error threshold”




PHENOTYPIC ERROR THRESHOLD

| R VT S
pczl_(

superiority of master network

.~ fraction of neutral mutants

P. Schuster, W. Fontana / Physica D 133 (1999) 427-452
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o L s Peter Schuster, “The Mathematics of
Manired Eigen « -« Darwinian Systoms”. Avpendix i

. From . : Manfred Eigen “From Strange Simplicity to
srange Simplicity Complex Familiarity: A Treatise on Matter,
10 Information, Life and Thought”, OUP, 2013

Complex Familiarity

A Treatise on Matter,
lm()l'ma“(m, Lile
and TIIOU,QIII

Current Topics in Microbiology and Immunology

Esteban Domingo
Peter Schuster Editors

W Quasispecies:
- From Theory to

Experimental
NHENE

2016

especially chapters 1 and 4

@ Springer




Manfred Eigen (1927-2019)



Jacques Monod:
Zufall und
Notwendigkeit

Philosophische F der
modernen ie

Manfred Eigen (1927-2019)

1971 German edition
preface by Manfred Eigen



BAsics

T+ FE - BT v, = U k|.nletllc thermp@yhamlc AG =0
L equilibrium  equilibrium
_ O ) V)
v, = kL [E][T] ke | [ET]eq | AG@
i b BT
v_=k_|ET] . )
N K _J
reaction velocity (flux) equilibrium constant

Cconnects energetics with kineticsD




BAsics

k =wexp(-AG” |RT)

Gibbs free energy

Reaction coordinate

ki =wexp(-AG*/RT) = '
k- =wexp(-AG*/RT) exp(AG®/RT) = w' exp(AG®/RT)



KINETIC PROOFREADING PROBLEM

a a
a ab
EF E ET

assume az=ki|F|=k|T]
discriminating factor b=exp(-(AGS - AGY)) Z exp (-AGS,)
E E
at steady-state (BT = al E] and [EW]= al E]
a/,b + U a’ -+ v
error rate v[EW] _[EW] _da'b+v

T ET] T [ET] @ +o



KINETIC PROOFREADING SCHEME

@ .

|EF™] _ b(a'b+q)(a’c+ (a+c)q)
([ET*]  (a’+q)(a’bc+ (a+c)q)

U

drawing after J. Gunawardena and Jeremy Owen



