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.. Wenn Sie mich nach meiner innersten
Uberzeugung fragen ob man es

einmal das eiserne
Jahrhundert oder das Jahrhundert des
Dampfes oder der Elektrizitat nennen wird,
so antworte ich ohne Bedenken, das
Jahrhundert der mechanischen
Naturauffassung, das Jahrhundert Darwins
wird es heifen.

Ludwig Boltzmann, Der zweite Hauptsatz der
mechanischen Wdrmetheorie. Vortrag, gehalten in
feierlichen Sitzung der Kaiserlichen Akademie der
Wissenschaften am 29. Mai 1886.



Three necessary conditions for Darwinian evolution are:

1. Multiplication,
2. Variation, and

3. Selection.

Variation through mutation and recombination operates on the genotype
whereas the phenotype is the target of selection.

One important property of the Darwinian scenario is that variations in the
form of mutations or recombination events occur uncorrelated with their
effects on the selection process.
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.. Der allgemeine Daseinskampf der Lebewesen
ist daher nicht ein Kampf um die Grundstoffe
- die Grundstoffe aller Organisman sind in
Luft, Wasser und Erdboden im Uberflusse
vorhanden - auch nicht um Energie, welche in
Form von Wdrme leider unverwandelbar in
jedem Kérper reichlich vorhanden ist, sondern
ein Kampf um die Entropie, welche durch den
Ubergang der Energie von der heifen Sonne
zur kalten Erde disponibel wird. Diesen
Ubergang maglichst auszunutzen, breiten die

Pflanzen die unermeBliche Fldche ihrer Bldtter aus und zwingen die
Sonnenenergie in noch unerforschter Weise, ehe sie auf das
Temperaturniveau der Erdoberfldche herabsinkt, chemische Synthesen
auszufiihren, von denen man in unseren Laboratorien noch keine Ahnung
hat. ...

Ludwig Boltzmann, Der zweite Hauptsatz der mechanischen Wdirmetheorie. Vortrag,
gehalten in feierlichen Sitzung der Kaiserlichen Akademie der Wissenschaften am
29.Mai 1886.



Available energy /S the main
object at stake in the struggle for existence
and the evolution of the world.

Quoted in D'Arcy W. Thompson. On Growth and Form,
Cambridge (UK), 1917.




Nothing in biology makes sense
except in the light of evolution.

Theodosius Dobzhansky, 1973.
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The holism versus reductionism debate

The holistic approach

Macroscopic biologists aim
at a top-down approach to
describe the phenomena
observed in biology.

<+

The reductionists’ program

Molecular biologist perform a
bottom-up approach to
interpret biological phenomena
by the methods of chemistry
and physics.



As T happens, I do hot understand how
modern sewing-machines work, but this
does not lead me suppose that the laws of
topology have been broken: Indeed, I feel
confident I could find out if someone would
let me take one to pieces.

Molecular biologists are quite right to
disbelieve in elan vital.

John Maynard Smith, The problems of biology.
Oxford University Press, 1986.



What should be the attitude of a biologist working on
whole organisms to molecular biology? It is, I think,
foolish to argue that we

are discovering things that disprove molecular
biology. It would be more sensible to say to molecular
biologists that there are phenomena that they will
one day have to interpret in their terms.

John Maynard Smith, The problems of biology.
Oxford University Press, 1986.



Genotype, Genome

Genetic information
GCGGATTTAGCTCAGTTGGGAGAGCGCCAGACTGAAGATCTGGAGGTCCTGTGTTCGATCCACAGAATTCGCACCA
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Evolution of RNA molecules,
ribozymes and splicing,
the idea of an RNA world,
selection of RNA molecules,
RNA editing,
the ribosome is a ribozyme,
small RNAs and RNA
switches.

Manfred
Eigen

James D. Watson und
Francis H.C. Crick

Molecular evolution = Hemoglobin sequence
Linus Pauling and Gerhard Braunitzer
Emile Zuckerkandl

The exciting RNA story
Max Perutz



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

G=C and A=U

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

The mechanism of DNA replication is ,semi-conservative*



Three necessary conditions for Darwinian evolution are:

1. Multiplication,
2. Variation, and

3. Selection.

Variation through mutation and recombination operates on the genotype
whereas the phenotype is the target of selection.

One important property of the Darwinian scenario is that variations in the
form of mutations or recombination events occur uncorrelated with their
effects on the selection process.

All conditions can be fulfilled not only by cellular organisms but also by
nucleic acid molecules in suitable cell-free experimental assays.



Evolution of RNA molecules based on QB 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 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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dXi/dt = fiXi - XiCD =Xi(fi-CD)

O = Zj fi Xj , Zj Xj =1 5 1,] :1,2,...,11

[Ii] = XiZ 0 ; i=1,2,...,n;

[A] = a = constant
f;, = max {t}; 1=1,2,....,n}

Xp(t) = 1 for t — oo

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



Selection equation: [I]=x,20, ;>0

dx,
dt

(-9 iml2em 3 x=k 9= fix =]

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

Solutions are obtained by integrating factor transformation

o @ewln)
l() > x,(0)exp(fe) .

-.,n
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Selection on the concentration simplex: S; = {xl. >0, i=12,3; Z x. =1 }

i=171



)
/)

LA/
)

_-=_//
€1 0.2 0.4 0.6 0.8 1

N
o

Selection between three species with f, =1, /, =2, and f; = 3 , parametric plot on S,
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AUGGUACAUCAUGA CuUuUG
parent sequence
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AUGGUACAEUCAUGA G UL
L}
|1|--f||i1|l|»- """"" |i|r.
CAAGCUAGAACCGU GCCA

parent sequences

T L T T T T T T T T T T L] T T T T L) .
AUGGUACAUUAUGA CUUG
point mutation

T LS L LS L L L L Ll T T T LJ L] r T Ls T L T T T .
AUGGUACAUCAUGCAUGA CUUG
insertion

SR S TET. ST T T I T T II|I.
AUGGUACAUGA CuUuG

deletion
AUGGUACAIAACCGU GCCA
1
.|-||||k:-|r||- llll.
CAAGCUAGUCAUGA CUUG

recombination

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

dx; / dt =ZJ %QJIX] - x; @

CDIijj’Xi; ZijZI; ziQijzl

[I;]1=x;20; 1=1,2,..n;

[A] = a = constant

| Error rate per digit
0......... Chain length of the
polynucleotide

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



Mutation-selection equation: [1.]=x,;>0, f,>0, 0,20

dtizzjzlijjixj_xi¢> i=1,2,,m; Zi:lxi:l; ¢:Z:Flfjxj:f

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

( ) - ngk Ck(O) exp(/l t)

S S, (0) explit)

i=12,,n; ¢(0)=)" h,x(0)

W= f,0,5 6 j=1,2,an s L=, 0,j=12,nf; L =H =1{hy; i, j=1,2,---n

L''W-L = A = {A4;k=0,1,--,n—1}



Perron-Frobenius theorem applied to the value matrix W

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

(v-vi) eftc.

W is irreducible: (i), (iii), (iv), etc. as above
(i) A, =|4,|forall k=0
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The quasispecies on the concentration simplex: S, = {xi >0, i=12,3; Zi:l x, =1 }



constant level sets of @ weeeeeeeeenenn

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



constant level sets of ) ———

Selection of quasispecies with f, =1.9, ,=2.0, f;=2.1,and p =0.01, parametric plot on S;
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Koy womads: Palymisciosticde replivanion; Chasi - ipevies; Povst mutition: Mutunr clan: Stochastic replication

A model For polynucleotide replication is presented and analyzed by means of pertusbation theory. Twn hasis ssumptions
aliorw handling of sequences up 10 a chain length of » = 80 explicitly: poim mutatioss ase restricied so @ two-sdig model asd
individual sequences are subsumed into stant clawics. Pervarbation theory is in evcellent agreement with the evact revults for

long encugh sequmees (r > 201

L. Introduction

Eigen [8] proposed a formal kinctic equation
{eq. 1) which describes self-replication under the
constraint of constant total population siee:
‘{‘.:'-i,-);.,r.,-%..a-l....u' i
By x, we denote the population number or con-
centration of the self-replicating element 1, ie.
x,=[1,]. The total population size or wal con-
centration ¢ = £, x, is kept constant by proper ad-
Jjustment of the constraint ¢: ¢ = EF w, x,. Char-
acteristically, this constraint has been called “con-
stant organization”, The relative values of diagonal

* Dedicated to the lize Professor BLL Jones who was among
the first 80 & rigerous mathematical snabysis om the prob.
fems described here.

*s Thes paper b considered as part 11 of Model Studies on
RMA eeplication. Past 1 i by Gassner and Schuster | 14]
* AN summations tsroughout this papee run from | 10 % unles.
specified duffermcly: £ =7, and L, . =B/ +EL .0
respectively.

M1 4621,/H2,D000-0000,/ 0273 © 1982 Ebevier Beomedical Pres

(w;, ) and off-disgonal (w, . { = () rates, as we shall
see in detail in section 2, arc related to the accu-
racy of the replication process, The specific prop-
erties of eq. | anc essentially basad on the fact that
it leads to exponential growth in the absence of
constriints (¢ = 0) and competitors (n = 1}.

The non-linear differential equation. eg. 1 - the

linearity is by the defi af $

at constant ion - shows a
feature: it beads to selection of a defined ensemble
of self-replicating elements above a certain acca-
racy threshold. This ensemble of a master and its
mast frequent mutants is a so-called *quasi-species”
[9]. Below this threshold, however, no selection
takes place and the frequencies of the individual
elements are determined exclusively by their statis-
tical weights.

Rigorous mathematical analysis has been per-
formed on eq. | [7,15,24,26]. In particular, it was
shown that the non-lincarity of eq. 1 can be re-
maoved by an appropriate transformation. The -
genvalue problem of the linear differential equa-
tion obtained thereby may be solved approxi-
mately by the conventional perturbation technigue

1.0

jidi Quasispecies >i< Uniform distribution ——>
I
i
I
.: =l(2s)
: /21{2:.},21{26}
: L/ El(23),=](27)

=), =)
—Z1(21)El(29)

=120, =](30)
0.90

0.05
—— Errorrate p=1-q——

0.10

Quasispecies as a function of the replication accuracy q
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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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Relative Concentration
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\\ Frequency of Mutants

N

Frequency of Master Sequence\
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v
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\ 4
Accuracy Limit of Replication

The error threshold in replication

0.05  Error Rate p

A\ 4
Error Threshold



Chain length and error threshold

OQ-c = (1I-p)'-oc 21 = n-In(l-p)=>-Ino

Inc
p ...constant: n_ = —
P
Ino
n ... constant: p ==& —
n
QO=(1-p)" ... replication accuracy
p ... errorrate
n ... chain length
S .
... superiority of master sequence




Evolution in silico

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

ST T AT T T

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&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 congition as Northemn biot analysis (13).

34, Smith-Magenis syndrome (SMS) is due 1o deletions
of 17p11.2 of various sizes, the smallest of which

2, 122 (1996)). MYD15 expressicn s easily detected
in the pituitary gland (data not shown). Haploinsuffi-
ciency for MYOT5 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. RNAwas from cochiea lab-
ymths; nblamad rmem nurnen I'etusss al 1E| to 22

g8

established by the Humnn Rasearch 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 Institute for Applied Systems Analysis
(IASA), A-2361 Laxenburg, Austria,

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

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
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 (inversely related to fimess) 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)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 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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Fully sequenced genomes

Growth of GenBank
*Organisms 751 projects

153 complete (16 A, 118 B, 19 E)

(Eukarya examples: mosquito (pest, malaria),
sea squirt, mouse, yeast, homo sapiens,
arabidopsis, fly, worm, ...)

598 ongoing (23 A, 332 B, 243 E)

(Eukarya examples: chimpanzee, turkey, chicken,
ape, corn, potato, rice, banana, tomato, cotton,
coffee, soybean, pig, rat, cat, sheep, horse,
kangaroo, dog, cow, bee, salmon, fugu, frog, ...)
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» Other structures with genetic information

68 phages

1328 viruses

1982 1986 1990 1994 1998 2002 35 VII’OIdS
472 organelles (423 mitochondria, 32 plastids,
Source: NCBI 14 plasmids, 3 nucleomorphs)

Source: Integrated Genomics, Inc.
August 121, 2003



E. coli:

Man:

Length of the Genome
Number of Cell Types

Number of Genes

Length of the Genome
Number of Cell Types

Number of Genes

4x10° Nucleotides
1
4 000

3x10° Nucleotides
200
30 000 - 60 000



The difficulty defining

the 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.

J 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
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-
non is indeed widespread, it “would have huge
implications,” says evolutionary geneticist

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

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
started the ENCODE project

genome is full of

The picture these studies
int is one of

I had a different view of overlapping transcripts.”  mind-boggling complexity.
what a gene was,” says con- — Phillip Kapranov Instead of discrete genes

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
sequence encoding a single protein was alterna-
tive splicing, discovered in viruses in 1977 (see
‘Hard to track) overleaf). Most of the DNA
sequences describing proteins in humans havea
modular arrangement in which exons, which
carry the instructions for making proteins, :
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 genetici:
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.

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 Gui&u'stcam'. and one
by geneticist Rotem Sorek’, now at Tel Aviv
University, Israel, and his colleagues, have
hinted at the reasons behind the mass of tran-
scription. The two teams investigated 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 =

exons, the researchers say.

NEWS FEATURE

W

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

399
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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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_|—Dendrite

Endoplasmic
reticulum

Golgi apparatus

Transport
vesicle

Nuclear
envelope

Dendrites

dv 1
it C,

[] — 8N Wl3h(V_VNa) — 8k n4 (V_VK) — 8 (V_Vl)]

d_m:am (I-m)—B, m Hogdkin-Huxley OD equations i

Transport
vesicle

dh
Z:ah (1-h)-B, h
dn

% (I-n)—B,n

Synaptic
terminal

Synaptic
vesicle

Muscle

A single neuron signaling to a muscle fiber



10°V oV
2 Py :CE_I_[gNa m3h(V_VNa)+gK n' V=V)+g, (V=V)[2zrL

om

—=ao (1-m)—p_ m

oh

E =a, (1 —h) — B h h Hodgkin-Huxley partial differential equations (PDE)
on

—=a. (1-n)—PB n

Hodgkin-Huxley equations describing pulse propagation along nerve fibers



V [mV]

100

50

-50

T=18.5C;0=1873.33 cm / sec




Paired Cerebral
Hemispheres

Basal Ganglia

Diencephalon
Midbrain

Ty

«— Medulla Oblongata

The human brain

10'! neurons connected by = 1013 to 10!4 synapses




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

The human body:

1014 cells = 1013 eukaryotic cells +
~ 9x1013 bacterial (prokaryotic) cells,
and = 200 eukaryotic cell types

The spatial structure of the
bacterium Escherichia coli
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Ludwig Boltzmann und die diskrete Beschreibung der Natur.

Ludwig Boltzmann, Reise eines deutschen Professors ins Eldorado. Aus Ludwig
Boltzmann, Populdre Schriften. Eingeleitet und herausgegeben von Engelbert Broda.
Friedrich Vieweg & Sohn, Braunschweig 1979, p.258.
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