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Three avenues to extinction



1. Dilution



James D. Watson, 1928- , and Francis Crick, 1916-2004,
Nobel Prize 1962

The three-dimensional structure of a
short double helical stack of B-DNA
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.Replication fork' in DNA replication

The mechanism of DNA replication is ,semi-conservative®
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Origin of the replication-mutation equation from the flowreactor



Stationary solutions of the flow reactor:

extinction
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Origin of the replication-mutation equation from the flowreactor
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Complementary replication is
the simplest copying mechanism
of RNA.

Complementarity is determined
by Watson-Crick base pairs:

G=C and A=U
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Complementary replication as the simplest molecular mechanism of reproduction

1=1,2



Equation for complementary replication: [1]=x,>0, f;>0;i=1.2

dx,

= f,X, - X, ¢, - = f.X, —X,4; X, +X,=1; $="Fx+f,x,=f

Solutions are obtained by integrating factor transformation

o (t)= J F22(72(0)-exp (ft)+7,(0)-exp (- ft))
e () 7(0)-exp(ft) — (T, —,) 7,(0)- exp(-

7,(0) =4/ £, %.(0)+/ T, %,(0), 7, (0) =/ f, %, (0)—/, %, (0); T =4/f, T,
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X, (t)—> and x,(t)— as exp(-ft)—0



Evolution of RNA molecules based on Q3 phage

D.R.Mills, R.L.Peterson, S.Spiegelman, An extracellular Darwinian experiment with a
self-duplicating nucleic acid molecule. Proc.Natl.Acad.Sci.USA 58 (1967), 217-224

S.Spiegelman, An approach to the experimental analysis of precellular evolution.
Quart.Rev.Biophys. 4 (1971), 213-253

C.K.Biebricher, Darwinian selection of self-replicating RNA molecules. Evolutionary
Biology 16 (1983), 1-52

G.Bauer, H.Otten, J.S.McCaskill, Travelling waves of in vitro evolving RNA.
Proc.Natl.Acad.Sci.USA 86 (1989), 7937-7941

C.K.Biebricher, W.C.Gardiner, Molecular evolution of RNA in vitro. Biophysical
Chemistry 66 (1997), 179-192

G.Strunk, T.Ederhof, Machines for automated evolution experiments in vitro based on
the serial transfer concept. Biophysical Chemistry 66 (1997), 193-202

F.Ohlenschlager, M.Eigen, 30 years later — A new approach to Sol Spiegelman‘s and
Leslie Orgel‘s in vitro evolutionary studies. Orig.Life Evol.Biosph. 27 (1997), 437-457



RNA sample
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Stock solution: QB RNA-replicase, ATP, CTP, GTP and UTP, buffer

The serial transfer technique applied to RNA evolution in vitro
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The increase in RNA production rate during a serial transfer experiment
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The Hypercycle

A Principle of Natural Self-Organization

Part A: Emergence of the Hypercye
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Chemical kinetics of molecular evolution

M. Eigen, P. Schuster, "The Hypercycle’, Springer-Verlag, Berlin 1979
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dx; /dt = fix; - X; @ =X (f;- D)

O = Zj fj Xj ; Zj Xj = 1; 1,j=1.2,..,n
[li]=%;=0; 1=12,..,n;
[A] = a = constant

f = max {fj; j=1,2,...,n}

Xm{) — 1 for t = oo

Reproduction of organisms or replication of molecules as the basis of selection



Selection equation: [I]=x,>0, ;>0

dx;

E:Xi(fi ~p) =120y YU x =L g=30 fix =T

Mean fitness or dilution flux, ¢ (t), is a non-decreasing function of time,

d_¢zzn: fi%:f——(?)z = var{f }>0

Solutions are obtained by integrating factor transformation

X (t) = X;(0)-exp (fit) i—12..

Z?:lxj(O).exp(fjt)’

N
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Selection between three species with , I, =2,and f; =3, parametric plot on S,
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Parent sequences

GCCA
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Point mutation

AUGGUACAUCAUGCAUGA CUUG

Insertion
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Variation of genotypes through mutation and recombination
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Chemical kinetics of replication and mutation as parallel reactions

dx; / dt :ZJ ijjin - X @
CDIijin; ZijZI; ziQijzl

[li]]=%;=0; i=12,.,n;
[A] = a = constant

Qjj = (1-p)* A0 pdlih)
P, Error rate per digit

0....... Chain length of the
polynucleotide

d(i,j) .... Hamming distance
between Ij and I



Mutation-selection equation: [I;] =x;20, f;>0,Q; 20

dt Z—ll p X=X g 1=120n; 3 X =T, ¢:Z?:1fjxj:_

Solutions are obtained after integrating factor transformation by means
of an eigenvalue problem

()= Zk 6 (0)-exp(2t)
> Dol Ck( 0)-exp(4,t)

i=12n; ¢ (0)=>" hx(0)

W+ 1{,Q,; i, j=L.2,---.n}; L=1{¢,: i, j=L2,-.nf; L =H=1{h; i, j=1,2,---,n

L*W-L = A = {4;k=0,1,--,n-1}



Matrix W and Frobenius theorem:

wyp Wy ... Wi

Wwo1 Wag ... UWan

W =

Primitive matrix W:

A nonnegative square matrix W = {w;;} is said to be a primitive matrix if
there exists k such that W* > 0 | i.e., if there exists k such that for all 7, 7,
the (7, 7) entry of W¥ is positive.



Perron-Frobenius theorem applied to the value matrix W

W is primitive: (i) A, is real and strictly positive
(i) 2, >|4,|forallk=0
(iii) A, is associated with strictly positive eigenvectors
(iv) A isa simple root of the characteristic equation of W

(v-vi) eftc.

W is irreducible: (i), (iii), (iv), etc. as above
(i) A, 2|4 forallk=0



constant level sets of @ weeeeeeeeeeeen

Selection of quasispecies with f; =1.9, f,=2.0, f;=2.1,and p=0.01



constant level sets of ¢ ———

Selection of quasispecies with f; =1.9, f,=2.0, f;=2.1,and p =0.01, parametric plot on S,
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Master sequence

Formation of a quasispecies

in sequence space
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Master sequence

Formation of a quasispecies

in sequence space
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Master sequence
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Formation of a quasispecies

in sequence space



Uniform distribution in

sequence space
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Lethal mutants and Frobenius theorem:
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k1 Q11 ) )
A+ X, —— 2X;; : replication
JIf]. le . .
A+Xy — Xi+X, j=2,....n : mutation
.
A —— 0 : outflux
.
X, —— 0; 7=1,....n s outflux
mn
da
il —a E F1Qxy +1(ag—a) = —akyzy + 7(ag—a)
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Stationary solutions: 1. active state

k1 Q11 ao
,
k1 Qu
A r
= Qu (a0 —a) = Quap — P
1
r
= Qi (ag—a) = Qn (a.o — ) ;7 =2,3,...,n
’ ! k1@

Stationary solutions: 2. extinction

ro> !{-1 C—211 o



diI?j
dt

Find () such that a(t) = a = const.

T
= “ = —a Z 2[3-1(;2‘.’-,:1 €T -+ ?’(EL) ((1-0 — (_I)
Jj=1
_ T
——Fkyxy f1 = ka; E T, = ¢ = ag— a
do — @ i=1

S
T
Zi:l X

X j

= f1ax, (le - ?)

fl(ﬁgjliljl — il,‘-j

Stationary solutions:

n

i_,‘r = (2_;1 Zfl = (2_}3 C

i=1



2. Crossing the error threshold
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Variation of genotypes through mutation and recombination



Uniform error rate model:

Qij — de(Xé,Xj) (1 _ p) (n—dH()(z.__)(j})

di(X;, X;) ... Hamming distance
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(1) linear f\“m(a') = 100(1 — d/1),

(2) exponential f=_, (d) = 1004/,

1

3) rational  f7,,(d) = ————.
(3) rational 7, ,.(d) 0.01 +d/I’

1001-1/h”,

4) Sigmoid jfmh’{d) =

(5) 1nverse mm (d) =100 —

10047 4 1.

fitness (arbitrary units)

100 =

80

60

40

20

0

—_ . i ~ .
- inverse function
~

~
~

" . L . ~
" :ilgmold function

linear function

“-..exponential function -

. rational function

N

distance (arbitrary units)

Anne Kupczok, Peter Dittrich, Determinats of simulated RNA evolution.

J.Theor.Biol. 238:726-735, 2006




3. Stochasticity



Evolution of RNA molecules as a Markow process and its analysis by means of the relay series



Evolution of RNA molecules as a Markow process and its analysis by means of the relay series



Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series



/X1 /X12
X»] >X7 }x? %(
X1 4)(3 %( X8 4

XO /:XO \>X0 \“’;XO /:XO R X711 AXM

X2 \'r Xe %(
Xs \ixg >
Xs?

SM(— ST

Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series



Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series



Evolution in silico

W. Fontana, P. Schuster,
Science 280 (1998), 1451-1455

random individuals. The primer pair used for ganomic
DNA - amplification  1s 5 -TCTCCCTGGATTCT-
CATTTA-3' (forward) and 5'-TCTTTGTCTTCTGT-
TCCACC-3 (reverse). Reactions were performed in
25 l using 1 uret of Tag DNA polymerass with each
primer at 0.4 uM; 200 uM each dATP, dTTP, dGTP,
and dCTP; and PCR butfer [10 mM tris-HCI (pH 8.3),
50 mM KCL,.1.5 mM MgCL] in a cycle condition of
84°C for 1 min and then 35 cycles of 84°C for 30 s,
55°C for 30 5, and 72°C for 30 s followed by 72°C for
B min. PCR products were purified (Qiagen), digested
with Xmn |, and separated in a 2% agarose gel.

32 Ammmlﬂm&yaﬁmmwmn\rw
result in degradation of the transcript [L. Maguat,
Am. J, Hum, Genet. 59, 279 (1996)].

33, Data not shown; a dot blot with poly (A} RNA from
50 human tissues (The Human ANA Master Biot,
7770-1, Clontech Laboratories) was hybridized with
a proba from exons 29 1o 47 of MYD15 using the
same congition as Northemn biot analysis (13).

34, Smith-Magenis syndrome (SMS) is due 1o deletions
of 17p11.2 of various sizes, the smallest of whict
includes MYO15 and perhaps 20 other genes [(6);
K-S Chen, L. Potockd, J. R, Lupski, MRDD Res, Rev.
2, 122 (1996)]. MYD15 expression is easily datected
in the pituitary gland (data not shown). Haploinsuffi-
ciency for MYQ15 may explain a portion of the SMS

phenotype such as short stature. Moreover, a few
SMS patients have sensorineural hearing loss, pos-
sibly becausa of a point mutation in MYOT5 in trans
to the SMS 17p11.2 deletion.
R. A, Fridell, data not shown.
K. B. Avraham et al., Nature Genel. 11, 369 (1995);
X-Z. Liu ef al,, ibid. 17, 268 (1997); F. Gibson et af,,
Nature 374, 62 (1895); D. Wedl af al., ibid., p. 60.
37, RNA was from cochiea lab-
yrinths) obtained from human fetuses at 18 o 22
b ol A i ath auidel

g8

tin
established by the Human Research Committea at
the Brigham and Women's Hospital. Only samples
without evidence of degradation wera pocled for
poly (A)* selection over oligo{dT) columns. First-
strand cONA was prepared using an Advantage RT-
for-PCR kit (Clontech Laboratonies). A portion of the
first-strand cONA (4%) was amplified by PCR with
Advantage cONA polymarase mix (Clontech Labora-
tories) using human MYD15-specific obgonuclectide
primers (forward, 5 -GCATGACCTGCCGGCTAAT-
GGG-3'; reverse, 5'-CTCACGGCT TCTGCATGGT-
GCTCGGECTGGEE-3'). Cycling conditions were 40 5
at 94°C; 40 s at 667C (3 cycles), 60°C (5 cyclas), and
55°C (29 cycles); and 45 s at 68°C. PCR products.
were visualized by ethidium bromide staining after
fractionation in a 1% agarose gel. A 688-bp PCR

Continuity in Evolution: On the
Nature of Transitions

Walter Fontana and Peter Schuster

Todistinguish continuous from discontinuous evelutionary change, a relation of nearness
between phenotypes is needed. Such a relation is based on the probability of one
phenotype being accessible from another through changes in the genotype. This near-
ness relation is exemplified by calculating the shape neighborhood of a transfer RNA
secondary structure and provides a characterization of discontinuous shape transfor-
mations in ANA. The simulation of replicating and mutating RNA populations under
selection shows that sudden adaptive progress coincides mostly, but not always, with
discontinuous shape transformations. The nature of these transformations illuminates
the key role of neutral genetic drift in their realization.

A much-debated issue in evolutionary bi-
ology concerns the extent to which the
history of life has proceeded gradually or has
been puncruated by discontinuous transi-
tions at the level of phenortypes (1). Qur
goal is to make the notion of a discontinu-
ous transition more precise and to under-
stand how it arises in a model of evolution-
ary adaptation.

We focus on the narrow domain of RNA
secondary structure, which is currently the
simplest compurationally tractable, yet re-
alistic phenotype (2). This choice enables
the definition and exploration of concepts
that may prove useful in a wider context.
BNA secondary structures represent a
coarse level of analysis compared with the
three-dimensional structure at atomic reso-
lution. Yer, secondary structures are empir-
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ically well defined and obtain their biophys-
ical and biochemical importance from be-
ing a scaffold for the tertiary structure. For
the sake af brevity, we shall refer ro second-
ary structures as “shapes.” RNA combines
in a single molecule both genotype (repli-
catable sequence) and phenotype (select-
able shape), making it ideally suited for in
vitro evolution experiments (3, 4).

To generate evolutionary histories, we
used a stochastic continuous time model of
an RNA population replicating and mutar-
ing in a capacity-constrained flow reactor
under selection (5, 6). In the laboratory, a
goal might be to find an RNA aptamer
binding specifically to a molecule (4). Al-
though in the experiment the evolutionary
end product was unknown, we thought of
its shape as being specified implicitly by the
imposed selection criterion. Because our in-
tent is to study evolutionary histories rather
than end products, we defined a target
shape in advance and assumed the replica-
tion rate of a sequence to be a function of

8 REPORTS

product is expected from amplification of the human

MYO15 cDNA. Ampification of human genomic

DINA with this primer pair would result in a 2903-bp
t.
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the similarity between its shape and the
targer. An actual situation may involve
more than one best shape, but this does not
affect our conclusions.

An instance representing in its qualita-
tive features all the simulations we per-
formed is shown in Fig. 1A, Starting with
identical sequences folding into a random
shape, the simulation was stopped when the
population became dominated by the tar-
get, here a canonical tRNA shape. The
black curve traces the average distance to
the target (in\-'crscly related o fitness) in
the population against time. Aside from a
short initial phase, the entire history is
dominated by steps, thart is, flat periods of
no apparent adaptive progress, interrupted
by sudden approaches roward the target
structure (7). However, the dominant
shapes in the population not only change at
tht.'se murkud events I)lll undergu st'vcral
fitness-neutral transformations during the
periods of no apparent progress. Although
discontinuities in the fitness trace are evi-
dent, it is entirely unclear when and on the
basis of what the series of successive phe-
notypes itself can be called continuous or
discontinuous.

A set of entities is organized into a (to-
pological) space by assigning to each entity
a system of neighborhoods. In the present
case, there are two kinds of entities: se-
quences and shapes, which are relared by a
thermodynamic folding procedure. The set
of possible sequences (of fixed length) is
naturally organized into a space because
point mutations induce a canonical neigh-
borhood. The neighborhood of a sequence
consists of all its one-error mutants. The
problem is how to organize the set of pos-
sible shapes into a space. The issue arises
because, in contrast to sequences, there are
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The population size,
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Is determined by the flux:
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Mutation rate:

p =0.001/ Nucleotide x Replication

The flow reactor as a device for
studying the evolution of molecules
in vitro and in silico.
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Neutral genotype evolution during phenotypic stasis
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Spreading and evolution of a population on a neutral network: t =150



Spreading and evolution of a population on a neutral network: t =150



Spreading and evolution of a population on a neutral network : t=170



Spreading and evolution of a population on a neutral network : t =200
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Spreading and evolution of a population on a neutral network : t =350
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Spreading and evolution of a population on a neutral network : t =500
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Spreading and evolution of a population on a neutral network : t =650
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Spreading and evolution of a population on a neutral network : t =820
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Spreading and evolution of a population on a neutral network : t =825
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Spreading and evolution of a population on a neutral network : t =830



Spreading and evolution of a population on a neutral network : t =835



Spreading and evolution of a population on a neutral network : t =840



Spreading and evolution of a population on a neutral network : t =845



Spreading and evolution of a population on a neutral network : t =850



Spreading and evolution of a population on a neutral network : t =855
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Probability of a Relay Run to reach the target structure
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A sketch of optimization on neutral networks
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Landscapes and neutrality
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GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule in sequence and shape space



GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule in sequence and shape space



GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule in sequence and shape space



GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule in sequence and shape space
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One error neighborhood — Surrounding of an RNA molecule in sequence and shape space
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One error neighborhood — Surrounding of an RNA molecule in sequence and shape space
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