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Through the Looking-Glass and What Alice Found There.
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"La Filosophia ¢ scritta in questo grandissimo libro,
que continuamente ci sta aperto innanzi a gli occhi
(1o dico 'universo) ma non si puo intendere se
prima non s’impara a intender la lingua, e conoscer
1 caratteri, nei quali € scritto. Egli ¢ scritto in lingua
matematica, € 1 caratteri son triangoli, cerchi. &
altre figure Geometriche ...",

Galileo Galilei. 1632. 1l Saggiatore.
Edition Nationale, Bd.6, Florenz 1896, p.232.

Galileo Galilei, 1564 - 1642



"La Filosophia ¢ scritta in questo grandissimo libro,
que continuamente ci sta aperto innanzi a gli occhi
(1o dico 'universo) ma non si puo intendere se
prima non s’impara a intender la lingua, e conoscer
1 caratteri, nei quali € scritto. Egli ¢ scritto in lingua
matematica, € 1 caratteri son triangoli, cerchi. &
altre figure Geometriche ...",

,,Philosophy [science] is written in this grand book,
the universe ... . It is written in the language of
mathematics, and ist characters are triangles, circles
and other geometric figures; ....,,

Galileo Galilei. 1632. 1l Saggiatore.
Edition Nationale, Vol.6, Florenz 1896, p.232.

Galileo Galilei, 1564 - 1642
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Seminal biological books of biology do not contain a single equation:

Two examples.



Patterns in nature

Pattern formation in chemistry and physics
Biological patterns

Natural selection and evolution of molecules
Chemical kinetics of molecular evolution

Can neutrality be useful ?

How complex is biology ?



1. Patterns in nature
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Achats

Frozen patterns in minerals and fossils



2. Pattern formation in chemistry and physics



Raphael Liesegang, 1869 — 1947 Wilhelm Ostwald, 1853 — 1932

Explained Liesegang rings by

Discovered Liesegang rings in :
means of supersaturation

laboratory experiments

Crystallization
patterns
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Raleigh-Bénard convection and formation of hurricanes
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u=u(r.y.z.t) and v=uv(r.y.z.t)

Change in local concentration =

= diffusion + chemical reaction

Alan M. Turing, 1912-1954

A.M. Turing. 1952. The chemical basis of morphogenesis.
Phil. Trans.Roy.Soc.London B 237:37-72.



Belousov-Zhabotinskii reaction 1959

Turing pattern

target waves (upper part) and Boissonade, De Kepper 1990
coupled spirals (lower part)

Space-time patterns and stationary Turing patterns in
autocatalytic chemical reactions



Irreversible thermodynamics
of dissipative structures

Synergetics in non-linear
dynamics

J 2N
Ilya Prigogine, 1917 - 2003 Hermann Haken, 1927 -

Theory of structure formation in non-equilibrium systems



3. Biological patterns



presumed
father

mother

Skin patterns within
an inbred strain of
wild-living cats

. daughter
Parents and child




Bates' mimicry Miiller's mimicry

Different forms of mimicry observed in nature



milk snake

Bates' mimicry

false coral snake

coral snake

Emsley's or Mertens'
mimicry

Different forms of mimicry observed in nature




Two features of biological patterns:

(i) High degree of reproducibiliy in detail and

(ii) high degree of variability in evolution

yield adaptability to changes in environmental conditions.



Application of the Turing
model to biological pattern
formation in development

James D. Murray. Mathematical Biology.

Third edition, 2003.
II: Spatial Models and Biomedical
Applications, pp.71-140.

Hans Meinhardt, Alfred Gierer,
1938 - 1929 -

Activator

Inhibitor

. Activator




Cytoplasmic
polarity
(maternal
effect)

Hunchback
protein 1?‘?
gradient

Gap

genes

Abdominal
segments

Pair-rule
genes

Segment polarity
genes

Development of the fruit fly drosophila melanogaster
Genetics, experiment, and imago



4. Natural selection and evolution of molecules



Three necessary conditions for Darwinian evolution are:

1. Multiplication,

2. Variation in fitness leading to

3. Selection in finite populations.

Charles Darwin, 1809-1882

All three conditions are fulfilled not only by cellular organisms
but also by nucleic acid molecules - DNA or RNA - in suitable
cell-free experimental assays:

Darwinian evolution in the test tube



James D. Watson, 1928-, and Francis H.C. Crick, 1916-2004
Nobel prize 1962

1953 — 2003 fifty years double helix

The three-dimensional structure of a
short double helical stack of B-DNA
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Adenine () Thymine
Guanine ¥ Cytosine Taq = thermus aquaticus

Taq polymerase

Accuracy of replication: O0=¢," ¢, ¢ ... " ¢

n

The logics of DNA replication



Plus strand =yr=—y—y————————————eoesae r—r—T—7@
AUGGUACAUCAUGA cuu
Template induced synthesis
Plus strand r=—re——p———————_c e =ec= =~ — @
AUGGUACAUCAUGA CUUG
, UACC AU
Minus strand @-t=——t—te—t—— G
Template induced synthesis
Pl T8N0 T r—————————————————— r—r—r—10
. AUBEUACAUCAUGA @ CUUG

UACCAUGUAGUACU

Minus strand @+
Complex dissociation lT

GAAC

Plus strand — =re——r——p——f——r—rr
AUGGUACAUCAUGA
+

, UACCAUGUAGUACWU
Minus strand @ t——t———t—te—t el

'I'I'I'l.
CUUG

GAAC

Complementary replication is
the simplest copying mechanism
of RNA.

Complementarity is determined
by Watson-Crick base pairs:

G=C and A=U



Reviews G F. Joyes
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Forty Years of In Vitro Evolution™*
Gerald F. Joyce*®

Evolution in the test tube:

G.F. Joyce, Angew.Chem.Int.Ed. Angewandte
46 (2007), 6420-6436
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RNA sample

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

Application of serial transfer technique to evolution of RNA in the test tube



0.015

LrI)A
o
x
L
E o001
£
To)
A
o
~
£
Q
(&)
o
%v
C
0
© 0.005 -
>
©
o
o
<
=z
o . .
Decrease in mean fitness
due to quasispecies formation
0

0 100 200 300 400
Time (minutes)

The increase in RNA production rate during a serial transfer experiment



Adenine @ Uracil

Guanine ®  Cytosine

RNA replication by Q-replicase

C. Weissmann, The making of a phage.
FEBS Letters 40 (1974), S10-S18
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Amplification
Diversification

Selection cycle

Selection —

N — Desired Propeties

TR

No
An example of ‘artificial selection’
with RNA molecules or ‘breeding’ of
biomolecules




(¥WILEY-VCH

Directed Molecular
Evolution of Proteins

or How to Improve Enzymes for
Biocatalysis

Edited by
Susanne Brakmann and Kai Johnsson

Edited b)’ #WILEY-VCH
Sven Klussmann

The Aptamer
Handbook

Functional Oligonucleotides and Their Applications

selection

oligonucleotide
library

Application of molecular evolution to problems in biotechnology



5. Chemical kinetics of molecular evolution
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Replication and mutation are parallel chemical reactions.



dx
dtj =20, fix,—x,D; j=1,2,...,n

Manfred Eigen D D+
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Mutation and (correct) replication as parallel chemical reactions

M. Eigen. 1971. Naturwissenschaften 58:465,
M. Eigen & P. Schuster.1977. Naturwissenschaften 64:541, 65:7 und 65:341
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(0)
dxm — 0

TR (O fr,—9(1))=0 and ¢(t)=0,, f.

The ,no-mutational-backflow* or zeroth order approximation
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The ,no-mutational-backflow* or zeroth order approximation
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The ,no-mutational-backflow* or zeroth order approximation



Xm

relative concentration

0.8

0.6

0.4

0.2

A

stationary mutant distribution

A 4

frequency of mutants

guasispecies

N

™.

AN

N

frequency of master sequence
I I I

\ migratIng -
E populations

N

y

0.01 0.02 0.03 0.04

mutation rate p

accuracy limit of replication

0.05

v
error threshold

The error threshold in replication and mutation



Chain length and error threshold
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The error threshold in replication and mutation
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Preface

Antiviral strategy on the horizon

Error catasmophs had irs concepmial ongins n the middle of
the 3T¢th cennuoy, when the consequences of muations on
enrvines imvolved in protein svothesis, 25 a theory of agng.
In those times biological processes were generally perceived
differently from today. Infections diseasas were regardad as
3 fleeting musancs which would be eliminated throngh the
nse of anribiotcs and antiviral agens. MMicrabial varation,
althonzh known in some cases, was not thought to be a sigoif-
icant protlem for disease condrol. Vanation in differentiated
Organisms Was seen as resulfing essentially from exchanges
of genetic material associated with sexmal reproduction.
The problem was to wmweil the mechanisms of inheritance,
expressicn of genetic miormation and mesabolism. Few saw
that genetic change is ocowTing at pressnt in sl orgamisms,
and sl fawer recognized Darwinian principles as essential
o the biology of pathogenic virnses and cells. Population
zeneticists rarely used bacteria or vimses as experimental
svstems to define concepts in biological evolution. The extent
of genetic polvmorphism among individuals of the same
ological species came as & swrprise when the first rasults
on comparison of elecrophoretic mobiliry of spzymes were
obtained. With the advent of in vimo DINA recombination,
and rapid mucleic acid sequencing technigues, molecular
analvses of genomes reinforced the conclusion of exreme
inter-individual genetic varation within the szme spaciss,
Now, due larzely to spectacular progress in comparative
zenomics, we see cellular DXAs, both prokaryotic and
eukaryonc, as highly dypamic. Mest cellular processes, in-
clnding such essential miormation-bearing and wansfaming
events a5 genome replication, mranscription and translation,
are increasimgly perceived as mherently macourate, Vimsas,
and in particular BXA vimses, are smong the most exreme
examples of exploitation of replication mwacowuracy for
survival.

Emor catastrophe, or the loss of meaningful genstic infor-
matton throngh excess genetic vanaton, was fommiated in
quantitative tarms as & consequence of quasispecias theory,
which was first developed to explain self-organization and
adaprality of primutive replicons in early stages of life. Fe-
cantly, 3 concepmal extension of emror catasmophe thar could
be dafinad as “induced zeperic deterioration’ has emergad as

028 - sesa fronr zoacer © 2004 Elcoviar B.V. All dghtc recarved.
& virneres. 2004.11.001

a possible antiviral swrategy. This is the topic of the cument
special issue of Firus Research.

Few would nowadays doubt that one of the major obsta-
cles for the control of viral disease is short-term adaprability
af viral pathogens Adaprability of vimses follows the same
Darwinian principlss thar have shaped biological evalution
aver eons, thar is, repeated rounds of reproduction with ga-
netic vanation, competition and selection. ofien permurbad
Ty rapdom events such as stanstical fuchuations in popu-
latton size. However, with viruses the consequences of the
aperation of these very same Darwintan principlss are felt
within very shor times. Short-term evohiion (within hours
and days) can be also observed with some cellular pathegans,
with subsets of nonnal cells, and cancer calls. The nature of
FIMA viral pathogens begs for altematmes antiviral strategias,
and forcing the vimes to cross the critical error threshold for
maintenance of genetic wfommation is one of them

The comtributions to this velune bhave been chosen 1o
raflect different lines of evidence (both theorstical and
exparimental} on which antiviral desizns based on zenstic
deterioration infictad upon vimses are being consmucted.
Thecretical studies bhave explored the copyinz Adelity
condittons that must be fulfilled by any mformation-earing
replication system for the essental genetic information fo
fze wansmited o progeny. Closely related to the theoretical
developments have been mumerous expernnental smdies
on quasispecies dynamics and their nmiltiple biological
manifestations. The latter can be summarized by saying
thar BINA vimses, by virue of existing s mmifani specira
rather than defined zenstic sntities, ramarkably expand their
patential to overcoms selactive pressures intended to limdt
their replication. Indesd, the use of antiviral inkibitors in
clinical practice and the design of vaccimes for a mumber of
major FEIA vimis-associatad diseases, are currently presided
Try 2 senss of unceraing. Another line of growing researchis
the enzvmolegy of copying fidelity by viral replicazes, aimad
at undarstanding the molecular basis of nutagenic activitias.
Error camstrophe as 3 potenrizl new antiviral swategy ra-
caived an imporiant onpilse by the observation that riavirin
(3 licensed autiviral micleoside snalogue) may be exerting in
solne systems, its antiviral activity through enbanced nnraga-

116 Frofaoe / Virus Research (07 (2005) 1 13-016

nesis. This has encovraged investizstions on new mutagenic
ase snalogues, some of them usad m anticancer chemothar-
apy. Some chaprers annmarnize these important biochemical
smdies on cell entry pathways and metabolism of mutagenic
agents, that may find mew applications as antiviral agents.
This volume mtends to be bazically & progress repoat, an
inmroduction to a new svenue of research, and a realistc ap-
pratzal of the many issues that remzin to be imvestizated. In
this respect, [ can ervisage (not without mamy unceraintes)
at least three lines of needed research: (i) One on further un-
derstandimg of quasispectes dvnamics in infected individusls
1o learn more on how to apply combinations of virs-specific
mutagens and inhibitors in an effective way, finding synar-
Zistic combinations snd aveiding antazondstic ones as well
as sevare clinical side effects. (1) Another on a desper undar-
standing of the metabolism of nuta genic agents, in partioular
base and nucleoside spalogues. This includes identification
of the ransporters that carry them into cells, su understand-
ing of their metabolic processing. inracellular stability and
alterations of nucleotide pools, among other tssues, (i) Sull
another line of needed ressarch is the development of new
mutagenic agents specific for vimses, showing no {(or im-
ired) towicity for cells. Some advances may coms fom links
with anticancer ressarch, but others should result from the
desizns of pew moleculss, based oo the souchires of viral
polvmerases. [ really hops that the reader finds this jssue not
only to be an interesting and usefil review of the current sina-

ation in the field, bat also a stimulating exposure to the major
problems to be faced.

The ides to prepara this special issne came a5 8 kind imvis-
ton of Ulrich Drasselberger, former Editor of Firns Research,
and then taken enthustastically by Luis Enjusnes, recently ap-
pointed as Editer of Firus Reseqrch. I take this oppornmity
to thank Ulrich, Luis and the Editor-in-Chiaf of Firus Re-
search, Brian Maly, for their contitmed mterest and suppart
to the research on vims evolution over the vears.

iy thapks go also to the 1% aurhors who despite their busy
schadules have taken time to prepare excellent mamiscripts,
to Elsevier staff for thedr prompt responses to miy requests,
and, Last but not least, to Ms. Lucis Homillo from Centro de
Biologia Meleoular “Severs Ochoa™ for her patient desling
with the correspondence with authors and the final organiza-
tion of the issue.

Estzban Domingo

Universidad dutdnoma de Madrid

Canmre de Biolegia Molecular “Savero Qchoa™
Consgio Superior de Inestigaciones Clanrjficas
Canteblanco and Faldeoimos

Madrid, Spain

Tel: + 34 01 497 B4858/9; fax: +34 91 497 4728
E-mal address; edomingo/@ichm uam es
Anrailable colime 8 December 2004



SECOND EDITION

ORIGIN AND
EVOLUTION
OF VIRUSES

Edited by
ESTEBAN DOMINGO
COLIN R. PARRISH

JOHN J. HOLLAND
Molecular evolution of viruses




Xm

relative concentration

< stationary mutant distribution >
frequency of mutants TE 0.8 |
0.8 ]
' 5 06
B quasispecies | £ o4
| \ s |
© 0.2 [
0.4 sl ] |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
——mutation rate p—>
0.2 x\ . migrating _
frequency of master sequence Peptiiions
i ™~ >
0 0.01 0.02 0.03 0.04 0.05
mutation rate p
v A 4
accuracy limit of replication error threshold

The error threshold in replication and mutation



Fitness values f(X,)

01 2 3 45 6 7 8 9 1011 1213 14 15 16 1023

Sequences X

The single peak fitness landscape as a convenient simple model
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SELF-REPLICATION WITH ERRORS
A MODEL FOR POLYNUCLEOTIDE REPLICATION **

Jorg SWETINA and Peter SCHUSTER *
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Error threshold on the
single peak landscape
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Make things as simple as possible,
but not simpler |

Albert Einstein

Albert Einstein‘s razor, precise refence is unknown.



single peak landscape

,realistic* landscape

Rugged fitness landscapes
over individual binary sequences
withn =10

Fitness values f(X,)
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This book aims to provide mathematical analyses of
nonlinear differential equations, which have proved pivotal to
understanding many phenomena in physics, chemistry and
biology. Topics of focus are nonlinear oscillations, deterministic
chaos, solitons, reaction—diffusion-driven chemical pattern
formation, neuron dynamics, autocatalysis and molecular
evolution. Included is a discussion of processes from the
vantage of reversibility, reflected by conservative classical
mechanics, and irreversibility introduced by the dissipative
role of diffusion. Each chapter presents the subject matter
from the point of one or a few key equations, whose properties
and consequences are amplified by approximate analytic
solutions that are developed to support graphical display of
exact computer solutions.

SNOILBNO3 THILNIH3AI0 HHINI'INON A8 INITIOON

World Scientific
www.worldscientific.com
7262 he ISSN 1793-1010

el

World Scientific

Paul E. Phillipson, Peter Schuster. (2009) Modeling by nonlinear differential equations.
Dissipative and conservative processes. World Scientific, Singapore, pp.9-60.




The error threshold can be separated into three
phenomena:

1. Decrease in the concentration of the master
sequence to very small values.

2. Sharp change in the stationary concentration
of the quasispecies distribuiton.

3. Transition to the uniform distribution at small
mutation rates.



The error threshold can be separated into three
phenomena:

1. Decrease in the concentration of the master
sequence to very small values.

2. Sharp change in the stationary concentration
of the quasispecies distribuiton.

3. Transition to the uniform distribution at small

mutation rates.

All three phenomena coincide for the quasispecies
on the single peak fitness lanscape.
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6. Can neutrality be useful ?
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This preservation of favourable individual differences
and variations, and the destruction of those which are injurious,
I have called Natural Selection, or the Survival of the Fittest.
Variations neither useful nor injurious would not be affected by
natural selection, and would be left either a fluctuating element,
as perhaps we see in certain polymorphic species, or would
ultimately become fixed, owing to the nature of the organism
and the nature of the conditions.

Charles Darwin. The Origin of Species. Sixth edition. John Murray. London: 1872
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Evolutionary rate at the molecular level. ==
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Cambridge University Press. Cambridge,
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Fig. 3.1. Behavior of mutant genes following their appearance in a
finite population. Courses of change in the frequencies of mutants
destined to fixation are depicted by thick paths. N_ stands for the
effective population size and v is the mutation rate.
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The average time of replacement of a dominant genotype in a population
is the reciprocal mutation rate, 1/v, and therefore independent of

population size.

Fixation of mutants in neutral evolution (Motoo Kimura, 1955)



2 Minimum free energy
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") ﬂ / UUUAGCCAGCGCGAGUCGUGCGGACGGGGUUAUCUCUGUCGGGCUAGGGCGC
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n
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i?‘rﬁ"' Inverse folding

The inverse folding algorithm searches for sequences that form a given
RNA secondary structure under the minimum free energy criterion.



From sequences to shapes and back: a case study in
RNA secondary structures

PETER SCHUSTER*? WALTER FONTANA? PETER F. STADLER*?
AnD [IVO L.HOFACKER?

Y Institut fiiv Molekulare Biotechnologie, Beutenbergstrasse 11, PF 100813, D-07708 Jena, Germany
® Institut fiir Theoretische Chemie, Universitit Wien, Austria
8 Santa Fe Institute, Santa Fe, U.S.A.

SUMMARY

RINA folding is viewed here as a map assigning secondary structures to sequences. At fixed chain length
the number of sequences far exceeds the number of structures. Frequencies of structures are highly non-
uniform and follow a generalized form of Zipf’s law: we find relatively few common and many rare ones.
By using an algorithm for inverse folding, we show that sequences sharing the same structure are
distributed randomly over sequence space. All common structures can be accessed from an arbitrary
sequence by a number of mutations much smaller than the chain length. The sequence space is percolated
by extensive neutral networks connecting nearest neighbours folding into identical structures. Implications
for evolutionary adaptation and for applied molecular evolution are evident: finding a particular
structure by mutation and selection is much simpler than expected and, even if catalytic activity should
turn out to be sparse in the space of RNA structures, it can hardly be missed by evolutionary processes.

Proc. R, Soc. Lond. B (1994) 255, 279-184 279 © 1994 The Royal Society
Printed in Greal Britain
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Prediction of RNA secondary structures: from theory
to models and real molecules
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Stock Solution —> Reaction Mixture —

@ D Computer simulation using
Gillespie's algorithm:

Replication rate constant:
Se=v o+ Adg ®]
Ads = dy(S,.S,)

Selection constraint:

Population size, N = # RNA
molecules, is controlled by
the flow

N(@)~N £N

Mutation rate:

p =0.001 / site X replication

The flowreactor as a device for studies
of evolution in vitro and in silico




Evolution in silico

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

random individuals. The primer pair used for ganomic
DONA - amplification Is  5°-Tt TTCT-
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&yaﬁmmwmbin\rand
result in degradation of the franscript [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 condition as Northem blot analysss (13).

34, Smith-Magenis syndrome (SMS) is due 1o deletions
of 17p11.2 of various sizes, the smallest of which
includes MYO15 and perhaps 20 other genes [(6);
K-5 Chen, L Potockd, J. R. Lupski, MROD Res. Rev.
2, 122 (1996)]. MYD15 expression is easily datected
in the pituitary gland (data not shown). Haploinsuffi-
ciency for MYOT5 may explain a portion of the SMS

phenotype such as short stature. Morm a few
SMS patients have sensorineural loss, pos-
sibly becausa of a point mutation in MYOT5 in trans
to the SMS 17p11.2 deletion.

35. R. A, Fridell, data not shown.

36. K. B. Avraham al al, Mature Genet. 11, 360 (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. RNAwas from cochiea lab-
ymths; nblamad from human I'etusss al 1E| to 22

tin

established by the Human Research Oomrnlltae 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-

Ingtitut for Theoretische Chemie, Universitat Wien, Wihr-
Ingerstrassa 17, A-1090 Wien, Austria, Santa Fe Institute,
1399 Hyde Park Road, Santa Fe, NM 87501, USA, and
International Instifute for ﬁpphad Systems Analysis
(lASA), A-2361 Laxenburg, Aust

ically well defined and obtain their biophys-
ical and biochemical importance from
ing a scaffold for the tertiary structure. For
the sake of brevity, we shall refer to 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 apramer
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

d REPORTS

product is expected from amplification of the human
MYO15 cDNA. Ampification of human genomic
DNA with this primer pair would result in a 2803-bp
fragment.

38. We are grateful lo the people of Bengkala, Bali, and
the two families from India. We thank J. R Lupski
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berg (Mational Institutes of Health Intramural Se-
quencing Center). We thank J. T. Hinnant, |, N. Ar-
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Barber, 5. Sullivan, E. Green, D. Drayna, and J.
Battey for helpfd comments on this manuscript,
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9 March 1998; accepted 17 April 1998

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 (inversely related to fimess) in
the population against time. Aside from a
short initial phase, the entire history is
dominated by steps, that is, flat periods of
no apparent adaptive progress, interrupted
by sudden approaches roward the target
structure (7). However, the dominant
shapes in the popularion not only change at
tht.'se murkud events I)Kll 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 related 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

www.sciencemag.org * SCIENCE = VOL. 280 = 19 MAY 19958 1451



Structure of
randomly chosen Phenylalanyl-tRNA as

initial sequence target structure
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A sketch of optimization on neutral networks



7. How complex is biology ?



Three-dimensional structure of the
complex between the regulatory

protein cro-repressor and the binding
site on A-phage B-DNA




A model genome with 12 genes
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The reaction network of cellular metabolism published by Boehringer-Mannheim.



The bacterial cell as an example for \ \
the simplest form of autonomous life w

Escherichia coli genome:

4 million nucleotides
4460 genes

The structure of the bacterium Escherichia coli



E. coli:

Man:

Genome length 4x10° nucleotides
Number of cell types 1
Number of genes 4 460
Four books, 300 pages each
Genome length 3x10° nucleotides
Number of cell types 200
Number of genes = 20 000

A library of 3000 volumes,
300 pages each

Complexity in biology




Evolution does not design with
the eyes of an engineer,
evolution works like a tinkerer.

Frangois Jacob. The Possible and the Actual.
Pantheon Books, New York, 1982, and

Evolutionary tinkering. Science 196 (1977),
1161-1166.




D. Duboule, A.S. Wilkins. 1998.
The evolution of ,bricolage®.
Trends in Genetics 14:54-59.

The evolution of ‘bricolage’

DENIS DUBOULE (denis.duboule®zoo.unige.ch)
ADAM S. WILKINS (edoffice@bioessays.demon.co.uk)

The past ten years of developmental genetics bave vevealed
that most of our genes are shared by other species
throughout the animal kingdom. Consequently, animal
diversity might largely rely on tbe differential use of the
same components, either at the individual level through
divergent functional recruitment, or at a more integrated
level, through their participation in various genetic
networks. Here, we argue that this inevitably leads to an
increase in the interdependency between functions that, in
turn, influences the degree to which novel variations can
be toleraied. In this ‘transitionist’ scheme, evolution is
neither inberently gradualist nor punctuated but, instead,
progresses from one extreme to the otber, together with
the increased complexity of organisms.
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A model for the genome duplication in yeast 100 million years ago

Manolis Kellis, Bruce W. Birren, and Eric S. Lander. Proof and evolutionary analysis of ancient genome
duplication in the yeast Saccharomyces cerevisiae. Nature 428: 617-624, 2004
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The difficulty to define
the notion of ..gene".

Helen Pearson,
Nature 441: 399-401, 2006

WHAT IS A GENE?

The idea of genes as beads on a DNA string is fast fading. Protein-coding sequences have no
clear beginning or end and RNA is a key part of the information package, reports Helen Pearson.

‘! ene’ is not a typical four-letter

word, It is not offensive. It is never

bleeped out of TV shows. And

where the meaning of most four-

letter words is all too clear, that of gene is not.

The more expert scientists become in molecu-

lar genetics, the less easy it is to be sure about
what, if anything, a gene actually is.

Rick Young, a geneticist at the Whitehead
Institute in Cambridge, Massachusetts, says
that when he first started teaching as a young
professor twa decades ago, it took him about
two hours to teach fresh-faced undergraduates
what a gene was and the nuts and bolts of how
it worked. Today, he and his colleagues need
three months of lectures to convey the concept
of the gene, and that's not because the students
are any less bright. “It takes a whole semester
to teach this stuff to talented graduates,” Young
says. “It used to be we could give a one-off def-
inition and now it's much more complicated.”

In classical genetics, a gene was an abstract
concept — a unit of inheritance that ferried a
characteristic from parent to child. As bio-
chemistry came into its own, those character-
istics were associated with enzymes or proteins,
one for each gene. And with the advent of mol-
ecular biology, genes became real, physical
things — sequences of DNA which when con-
verted into strands of so-called messenger
RNA could be used as the basis for building

Laurence Hurst at the University of Bath, UK.

“All of that information seriously challenges
our conventional definition of a gene” says
molecular biologist Bing Ren at the University
of California, San Diego. And the information
challenge is about to get even tougher. Later
this year, a glut of data will be released from
the international Encyclopedia of DNA Ele-
ments (ENCODE) project. The pilot phase of
ENCODE involves scrutinizing roughly 1% of
the human genome in unprecedented detail;
the aim is to find all the

NEWS FEATURE

viously unimagined scope of RNA.

The one gene, one protein idea is coming
under particular assault from researchers who
are comprehensively extracting and analysing
the RNA messages, or transcripts, manufac-
tured by genomes, including the human and
mouse genome. Researchers led by Thomas
Gingeras at the company Affymetrix in Santa
Clara, California, for example, recently studied
all the transcripts from ten chromosomes
across eight human cell lines and worked out

precisely where on the chro-

sequences that serve a useful “We've come to the mosomes each of the tran-
purpose and explain what realization that the scripts came from’,

that purpose is. “When we . The picture these studies
started the ENCODE project genome s full of int is one of

I had a different view of overlapping transcripts.” mind-boggling complexity.

what a gene was,” says con- — Phillip Kapra

tributing researcher Roderic

Guigo at the Center for Genomic Regulation
in Barcelona, “The degree of complexity we've
seen was not anticipated.”

Under fire
The first of the complexities to challenge molec-
ular biology’s paradigm of a single DNA
woding a single protein was alterna-
g, discovered in viruses in 1977 (see
‘Hard to track) overleaf). Most of the DNA
sequences describing proteins in humans havea
fular arr t in which exons, which

their associated protein piece by piece. The
great coiled DNA molecules of the chromo-
somes were seen as long strings on which gene
sequences sat like discrete beads.

This picture is still the working model for
many scientists. But those at the forefront of
genetic research see it as increasingly old-fash-
ioned — a crude approximation that, at best,
hides fascinating new complexities and, at
worst, blinds its users to useful new paths
of enquiry.

Information, it seems, is parceled out along
chromosomes in a much more complex way
than was originally supposed. RNA molecules
are not just passive conduits through which the
gene's message flows into the world but active
regulators of cellular processes. In some cases,
RNA may even pass information across gener-
ations — normally the sole preserve of DNA.

An eye-opening study last year raised the
possibility that plants sometimes rewrite their
DNA on the basis of RNA messages inherited
from generations past'. A study on page 469 of
this issue suggests that a comparable phenom-
enon might occur in mice, and by implication
in other mammals®, If this type of phenome-
no. deed widespread, it “would have huge
implications,” says evolutionary geneticist

B
carry the instructions for making proteins, are
interspersed with non-coding introns, In alter-
native splicing, the cell snips out introns and
sews together the exons in various different
orders, creating messages that can code for dif-
ferent proteins, Over the years geneticists have
also documented overlapping genes, genes
within genes and countless other weird arrange-
ments (see ‘Muddling over genes, overleaf).
Alternative splicing, however, did not in itself
require a drastic reappraisal of the notion of a
gene; it just showed that some DNA sequences
could describe more than one protein. Today's
assault on the gene concept is more far reach-
ing, fuelled largely by studies that show the pre-

Spools of DNA (above) still harbour surprises, with
one protein-coding gene often overlapping the next.

oV Instead of discrete genes
dutifully mass-producing
identical RNA transcripts, a teeming mass of
transcription converts many segments of the
genome into multiple RNA ribbons of differing
lengths. These ribbons can be generated from
both strands of DNA, rather than from just one
as was conventionally thought. Some of these
transcripts come from regions of DNA previ-
ously identified as holding protein-coding
genes, But many do not. “Its somewhat revolu-
tionary,’ says Gingeras’s colleague Phillip
Kapranov, “We've come to the realization that
the genome is full of overlapping transcripts”

Other studies, one by Guigo’ team', and one
by geneticist Rotem Sorek’, now at Tel Aviv
University, Israel, and his colleagues, ha
hinted at the reasons behind the mass of tran-
scription. The two tea nvestigated occa
sional reports that transcription can start at a
[DNA sequence associated with one protein
and run st t through into the gene for a
completely different protein, producing a
fused transcript. By delving into databases of
human RNA transcripts, Guigo’s team esti-
mate that 4-5% of the DNA in regions con-
ventionally recognized as genes is transcribed
in this way. Producing fused transcripts could
be one way for a cell to generate a greater vari-
ety of proteins from a limited number of 2
exons, the researchers say.

Many scientists are now starting to think
that the descriptions of proteins encoded in ~
DNA know no borders — that each sequence
reaches into the next and beyond. This idea
will be one of the central points to emerge
from the ENCODE project when its results are
published later this year.

Kapranov and others say that they have doc-
umented many examples of transcripts in
which protein-coding exons from one part of
the genome combine with exons from another

e
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Pertea and Salzberg Genome Biology 2010, 11:206
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Between a chicken and a grape: estimating the
number of human genes

Mihaela Pertea and Steven L Salzberg®

t Grape

ﬁ Human

J Chicken
/.

30,434

22,333

16,736

Fruit fly 14,889

E. coli 4,149

11

auladss
-{%} Influenza
i T

Figure 1. Gene counts in a variety of species. Viruses, the simplest living entities, have only a handful of genes but are exquisitely well adapted 1o
their environments. Bacteria such as Escherichia coli have a few thousand genes, and multicellular plants and animals have two to ten times more.
Beyond these simple divisions, the number of genes in a species bears little relation to its size or to intuitive measures of complexity. The chicken
and grape gene counts shown here are based on draft genomes [50,51] and may be revised substantially in the future.



ENCODE stands for

ENCyclopedia Of DNA Elements.

ENCODE Project Consortium.
Identification and analysis of functional
elements in 1% of the human genome by
the ENCODE pilot project.

Nature 447:799-816, 2007
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The evolution of man

Andrew S. Bonci, National American University
Vitamin D Update 2010
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