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Kardinal Christoph Schénborn, Finding Design in Nature, commentary in The
New York Times, July 5, 2005

. ... Evolution in the sense of common ancestry might be true, but
evolution in the Neo-Darwinian sense - an unguided, unplanned
process of random variation and natural selection - is not. Any
system of thought that denies or seeks to explain away the
overwhelming evidence for design in biology is ideology, not science.

... Scientific theories that try to explain away the appearance of
design as the result of ,chance and necessity' are not scientific at
all, but ... an abdication of human intelligence."
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1. Evolution - organismic and molecular
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GCGGATTTAGCTCAGTTGGGAGAGCGCCAGACTGAAGATCTGGAGGTCCTGTGTTCGATCCACAGAATTCGCACCA
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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.
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Charles Darwin, The Origin of Species, 6th edition.

Everyman‘s Library, Vol.811, Dent London, pp.121-122.
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PROTOCTIST ANCESTORS

Modern phylogenetic tree: Lynn Margulis, Karlene V. Schwartz. Five Kingdoms. An
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Illustrated Guide to the Phyla of Life on Earth. W.H. Freeman,
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FT-A-G-G-C-T-A-T-A-A-C-C-—-GLL—>

|

HT-A-G-GCLC-T-A-T-G-ALLC-GCLC~

Point mutation



HP-®-6-6-0-T-A-T-A-A-00-CC-

|

HT-A-G-G-C-T-A-T-G-A-C-C--G-C~>

Point mutation

FT-A-G-GLC-T-A-T-A-ALC-C--GL—~
FT-A-G-G-C-T-A-T-A-T-A-T-A-A-C-C-—-GLC—>

Insertion



HP-®-6-6-0-T-A-T-A-A-00-CC-

|

HT-A-G-G-C-T-A-T-G-A-C-C--G-C~>

Point mutation

FT-A-G-GLC-T-A-T-A-ALC-C--GL—~
FT-A-G-G-C-T-A-T-A-T-A-T-A-A-C-C-—-GLC—>
Insertion
HT-A-6CGCLC-TATARALLCCC—

|

HT-A-C-CCALCLC-  CC-

Deletion



(rAlcleic T IAlTIAZAICICICIC)

FTAGTETATAACCCC> FraceCTATEACCCE>
ARG TEOTATAACCCE> FTAGTOTATAACTGE> FTAGGETATGACCGCG>
FAAGTECATAACCCC> FTAGTCTAAAALCTEC FTAGBETATGEACCEE> FTACGCTATEACCGG>
FAAGTECATAACCEE> FTAGTETAAAACTESG> HCAGTETAAAACTEE> FTIAGEE T AT GATIEGEY / \
FARET@CRATATEE6EC> FTAGTEITAGCARETEGEY HEAGTETAARAGTEE> FeACGECTATEACCAG FTACCECTATAACCEG>

N\

FAAGTEEATTTEGEE> MHEAGGCGECTAAAAGTEE> TCAGTETAAARGTGEE> GACGCGETATEACE TC> FGATGETATOBACCAG> FTACBGETATAACTEE>

Reconstruction of phylogenies through comparison of molecular sequence data



Results from molecular evolution:

* The molecular machineries of all present day cells are very
similar and provide a strong hint that all life on Earth descended
from one common ancestor (called ,last universal common
ancestor", LUCA).

» Comparison of DNA sequences from present day organisms allows
for a reconstruction of phylogenetic trees, which are (almost)
identical with those derived from morphological comparison of
species and the paleontologic record of fossils.



2. Multiplication, mutation, and selection
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Chemical kinetics of molecular evolution

M. Eigen, P. Schuster, "The Hypercycle’, Springer-Verlag, Berlin 1979




Reaction Mixture ——

Stock Solution —>

activated monomers, ATP, CTP, GTP,

UTP (TTP);
a replicase, an enzyme that performs

complemantary replication;

Stock solution:
buffer solution
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studies of evolution in vitro and

The flowreactor is a device for
Iin silico.
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.Replication fork' in DNA replication

The mechanism of DNA replication is ,semi-conservative®
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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



Mutation as an error
in replication
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Chemical kinetics of replication and mutation as parallel reactions



Fitness values (1)

Hamming distance dy(I,.1p)

A fitness landscape showing an error threshold
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SELF-REPLICATION WITH ERRORS

9

A MODEL FOR POLYNUCLEOTIDE REPLICATION ==

Jorg SWETINA and Peter SCHUSTER *

der Lineveraini,

17, A 1090 Wiew, Auriria

Inarivas fir Theoeetische Chemie s

Received dth Jung 1982
Revised massscript received Ded August 1962
Accepted 0k Asgust 1982

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 seqences up 10 8 chain length of » = B0 explicitly: poimt mutaticen are restricied 10 @ two-dig model asd
individual squences are subsumed inio mstant clatics. Pertsrbation theory is in excellent sgreement with the exact rowults for

long enough sequemers (v > 200

L. Introduction

Eigen [8] proposed a formal kinctic equation
{eq. 1) which describes self-replication under the
constraint of constant total population size:

d, =
et R IR Tei=l ! i

By x, we denote the population number or con-
centration of the self-replicating element 1, ie.
x,=[1,]. The 1otal population size or total 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 & rigenus mathemsatical snalysis om the prob-
fems described here

** This paper i considered as part. 1l 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.

00014627, /82 /T000-000,/ 50275 © 1982 [evier Becmsedical 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, eq. 1 - the
finearity is introduced by the defi of'e
ar 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. | 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

T min
¥i05 > E< Uniform distribution ——
i
I
i =l(25)
| / =li2) Fl(26)
! "Elpa) =)

L E ), g
—Z(21) Fl(29)

=120, =](30)
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0.05
—— Errorrate p=1-g——

0.10

Stationary population or quasispecies as a function of the mutation or error rate p
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Results from the kinetic theory of molecular evolution:

* Replicating ensembles of molecules form stationary populations
called quasispecies, which represent the genetic reservoir of
asexually reproducing species.

» For stable inheritance of genetic information mutation rates
must not exceed a precisely defined and computable error-
threshold.

* The error-threshold can be exploited for the development of
novel antiviral strategies.



3. Rational design of molecules



5'-end

O—CH, ¢ Ny

5-end GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA 3-end

Q
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O OH
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5-End 3-End
Sequence GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA N = 4n
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.
.« "
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Secondary structure

Symbolic notation 5-End ((((((---((((------- M)-(((((------- 1)) S L R M)-MN)):---- 3-End Ng < 3"

Criterion: Minimum free energy (mfe)

Rules: _(_)_ e {AU,CG,GC,GUUA,UG)

A symbolic notation of RNA secondary structure that is equivalent to the conventional graphs



GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA

20

AG = -20.20 kcal/mol

Sequence and structure of phenylalanyl-transfer-RNA



GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA
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AG = -22.90 (-21.90) kcal/mol



GCGCGCUUAGCGCAGUUGGGAGCGCGCGCGCCUGAAGAGCGCGAGGUCGLCGCGUUCGAUCCGCGCAGCGCGCACCA

1. Trial

AG =-43.10 (-36.40) kcal/mol



GCGCGCUUAGGCCAGUUGGGAGGCCGCCCCCCUGAAGAGGGGGAGGUCCCGCCUUCGAUCGGLGGAGCGCGCACCA

2. Trial K~ 6

AG = -45.10 (-39.40) kcal/mol A6
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3. Trial Target structure

AG =-41.80 (-39.90) kcal/mol



GCGCGCAAAGGCCAAAAAAAAGGCCACCCCCAAAAAAAGGGGGAAAAACCGCCAAAAAAAGGCGGAGCGCGCAAAA
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4 Trial Target structure

AG = -40.70 kcal/mol



RNA sequence:

Sequence, structure, and design

GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA

Iterative determination
of a sequence for the
given secondary
structure

Inverse folding of RNA:

Biotechnology,
design of biomolecules

Inverse Folding with predefined

Algorithm structures and functions
9
2
2 o®
5
A
RNA structure e Y
of minimal free 2 A
energy. "5 ?\j




Initial trial sequences

Stop sequence of an
unsuccessful trial

AN

Target sequence

Target structure S, \@

Approach to the target structure S, in the inverse folding algorithm



InsTITUTE OF PHYSICS PUBLISHING REerorTs 0N PrOGRESS 1IN PHYS1CS

Rep. Prog. Phys. 69 (2006) 14191477 doi: 10, 1088/0034-4885/69/5/R04

Prediction of RNA secondary structures: from theory
to models and real molecules

Peter Schuster'?
nstitut fiir Theoretische Chemie der Universitit Wien, WihringerstraBe 17, A-1090 Vienna,
Austria

’The Santa Fe Institute, 1399 Hyde Park Road, Santa Fe, NM 87501, USA

E-mail: pks@tbi.univie.ac.at



4. Evolution and optimization of molecules



Structure of
andomly chosen Phenylalanyl-tRNA as
initial sequence target structure




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

www.sciencemag.org * SCIENCE = VOL. 280 = 19 MAY 19958 1451
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Replication rate constant:
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Selection constraint:

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

p = 0.001 / site x replication

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

B3 CcO®c NN cOHDcOHCcOcaMEc ¢

RNA aptamer, n = 27

Formation of secondary structure of the tobramycin binding RNA aptamer with K, =9 nM
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Results from laboratory experiments in molecular
evolution:

- Evolutionary optimization does not require cells and occurs in
molecular systems too.

» In vitro evolution allows for production of molecules for
predefined purposes and gave rise to a branch of biotechnology.

* Direct evidence that neutrality is a major factor for the
success of evolution.
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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
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Abstract

Regulation of gene activities is studied by means of P isted math ical analysis of ordinary differential equations (ODEs)
derived from binding equilibria and chemical reaction kinetics. Here, we present resulls on cross- regulauon of two genes t]lrough
activator and/or repressor binding. Arbitrary (differentiable) binding function can be used but ions are p i for
gene—regulator complexes with integer valued Hill coefficients up to n = 4. The dynamics of gene regulation is derlvcd from bifurcation
patterns of the underlying systems of kinetic ODEs. In particular, we present analytical exy for the p values at which
one-dimensional (transcritical, saddle-node or pitchfork) and/or t ional (Hopf) bifurcati occur. A classification of
regulatory states is introduced, which makes use of the sign of a ‘regulatory determinant’ D (being the determinant of the block in the
Jacobian matrix that contains the derivatives of the regulator hmdmg I'uucuons] (i) systems with D <0, observed, for example, if both
proteins are activators or repressors, lo give rise to !l ions only and lead to bistability for n=2 and (ii) systems
with D=0, found for com\nnauons ol‘ activation and repression, sustain a Hopf bifurcation and undamped oscillations for n>2. The
infl of basal T ivity on the bifurcation patterns is described. Binding of multiple sut can lead to richer dynamics
than pure activation or repression states if intermediates between the unbound state and the I'ully saturated DNA initiate transcription.

Then, the regulatory determinant D can adopt both signs, plus and minus.

@ 2007 Elsevier Ltd. All rights reserved.

K 5; Basal iption; Bif analysis; Coop

binding; Gene regulation; Hill coefficient; Hopf bifurcation

1. Introduction

Theoretical work on gene regulation goes back to the
1960s (Monod et al., 1963) soon after the first repressor
protein had been discovered (Jacob and Monod, 1961). A
little later the first paper on oscillatory states in gene
regulation was published (Goodwin, 1965). The interest in
gene regulation and its mathematical analysis never ceased
(Tiwari et al., 1974; Tyson and Othmer, 1978; Smith, 1987)
and saw a great variety of different attempts to design
models of genetic regulatory networks that can be used in
systems biology for computer simulation of gen(etic and

*Corresponding author. Institut fiir Theoretische Chemic der Uni-
versitiit Wien, Wiihringerstrafie 17, A-1090 Wien, Austria,
Tel: +431427752743; fax: +43 1427752793,
E-mail address; ph

bi.univie.ac.at (P. Schuster),

022-5193/% - see front matter @ 2007 Elsevier Lid. All rights reserved.
doi:10.1016/5.jtbi, 2007.01.004

met)abolic networks.! Most models in the literature aim at
a minimalist dynamic description which, nevertheless, tries
to account for the basic regulatory functions of large
networks in the cell in order to provide a better under-
standing of cellular dynamics. A classic in general
regulatory dynamics is the monograph by Thomas and
D'Ari (1990). The currently used mathematical methods
comprise application of Boolean logic (Thomas and
Kaufman, 2001b; Savageau, 2001; Albert and Othmer,
2003), stochastic processes (Hume, 2000) and deterministic
dynamic models, examples are Cherry and Adler (2000),
Bindschadler and Sneyd (2001) and Kobayashi et al. (2003)
and the recent elegant analysis of bistability (Craciun et al.,

! Discussion and analysis of d genetic and lic networks
has become so frequent and intense that we suggest to use a separale term,
genabolic networks, for this class of complex dynamical systems.




A | B | Cc | D | E

1 Bilochemical Pathways

a
i
:

R I"?fli}ﬂ#

ik
11

-
T -
Fis
e s .
L= m_-.;’%‘f;@*

- -.'.:*_:" |
1 _F“I;:;
e

b ;’:E’.—{i—i_:'l';-'-_.%];'.

Fi TERE :-&'31.-':5':':'_"1’:15-'.

bl
b

BT
4

5
5

B

e gy

The reaction network of cellular metabolism published by Boehringer-Mannheim.



N

4 PyrP =,

2 : ] Ny e e e e e
reactions " ASPARTATE
iﬂ\aplerotlc l I‘I L dxo. L AMMONIA-LY ASE
I ot PROTI ACETYL-CoA
RUVATE CARBOXYLASE I SUCCINAMATE N3z NH, CITRATE  MALONATE, | EINS
= 0=G-NH, S S/ aTP OXALO- CoAsH g,
A, ’é ACETATE ~A H}‘E vy, PP A"‘ I e
ASPARTATE Y - Co, ] =
TRANSAMINASE X b succinkre Arp\“ii" al byrt
RUVATE CARBOXYKINASE (PYROPHOSPHATE) FUMARATE \NATE GLTCINE y
L-GLUTAMATE S;’éfoc,m,\“ COOH _E““"s“l' i 5-AMINOLEVULINATE
SUCCINATE GOOH jper 0 - AL g Pi H (oase GLTCINE SYNTHASE
RUVATE CARBOXYKINASE (ATP) 20XOGLUTARATE, R ‘? T~ J SUCcil'l‘dYL- increased in acute
LALEATE §(= L) 10‘»"1 s%\' §H | FADH,E FAD-E |COOM lc:mn'?‘- EsC infermitlent porphy
\ © MALATE' %, !"4 COOH CoA-SH l"l"'. $-CoA V
] CoOH [ H0 - HA Gop ' CH, FycP L LEVULINATE SYNTHASI
RUVATE CARBOXYKINASE (GTP) ocn | M ACCEPTOR ACC. H, (0R)| cw, "
[ . & wBiQul- (ueiqui- | I|  SUCCINYLCoA- EooH I ot do  hviinpans
- | CH, Nonp Neo ¢ LIGASES | o UEME  and photo-
BIOTIN,Co**, Zn** | COOH \ . ) h R o bacteria)
C
. | B TXD SOy, ~ 19 SH #FAD 4 HADH
e | SESSS I I AN TN Nl B o G Sl
X ~ LPOAMIDE STEF
(= D)-METHYL- PROPIO- : ,?g_c}d.. \ H Fogmgko\-\\{gg’g‘,ﬁgm \ I(«\\ :, \{JCCINYL\ OHYDRO- ALLY
MALONYL-CoA NYL-CoA S waos | GENASE "~ SGENASE | I} LIPO- PRO
H A o N NAD* P 1 Yhon \AMIDE \,  AcE
VIDIN | 1l & I' (CYTOCHROME) SN ] I I H DEHY- BM,
> PYRUVATE CARBOXYLASE | b NADH | |y MALATE MOLYBDO- Sy IR I -
- ¥ + |sv~m.|se PTERIN | i E- Lipl DRO
R , OXALOACETATE b D AN | i \GENASE\
© NADonly 1oF MALATE DEHYDROGENASES || oon i \ Iy H ¢o 1
[NAD-enzyme) (DEC ARBOXYLATING) i ? I o pHoseHo. FORMYL. FORMYL L 1< | I (GHa) \ Py
© g ("MALIC ENZYME") | £ ¢=0 | i "eNoLPYRUVATE CoA DR FORMATE | |16 | co,~ 1] COOH S
S, Ay, spp———y— __...........___I —_— H, | i “c‘s CoA LASE N e _OH || ||£ Iy ¥ I Deficient —ﬂ,‘ rf‘EDH,
© ~0, [FORMATE Il . M‘:..,\ CooH 10 ke i J L 15 FERRE- |3 ] i hyper L
v { ACYL-Conr ' H |Hll Gl 5 Ho g iy [IE §) DOXIN By | e ]
et (icm:)FORMATEACETTLTRANSFEMSE L ATP, (200 =~ " 'yoxy- II\ OXALATE Fw!l 1€ I i I ThPP € ‘
XY 65 ACETYL. BimdnaUroRE N 1P GLUTARATE " omsn =l late i DECARBOXY: Iy I 2o g :' n PYRUVATE | h-¢-On ACTH
PF DIHYDKOUPOATE ACE"" ACETYL-CoA <5 [ —— Cycle €O, % OXALYL-CohA [ i :'i '|| = ll| "c;:i ‘ .fusu
FERASE — TTTTTTTN mo I| DECARBOXY- || 1 12 | Feree- S T
_’ £ L.Pq.___r_‘.’ CoAS_ o I Ny Hs I| LASE " JIZ N ooxint]3 N | Avanine COOH
£ R g for Y e L R - toco 2
CoA-S CH - ——— .
I 1 s-C-cH, Co N SYNTHASE | |2 e N i r :I 5 I: AMINASE =5 I E
! 8K 144+ & 7] c HH“P:) . n OXALYLCoAl |0XALATE il A i D‘.‘_@H I ?
il A\ /AN N L }canne 3 Le
¥ ——— <>
-+ H H ! | ff \f—' LY@ASEFRUCTOSE AN 2C., '2‘1‘ '.‘g:
P o 1 \ 5 4—-GUCER0L W 0%y ~oH O<o <2 am
+ DIHYDROLIPOAMDE ¢ 11 -l [ [ naopH_ I GLroxr. e ]~ 2 If&
erraon,  oDRo- e Wi iy \ CoA-SH N\ FH ™ aTe Py o epe 3 138
. GENASE . h - -% ATP N, NADP* = DEHYDRO. gttt M0, on & 158
B o o e e H 1 : : | 1) M ConsHl GEMNASE {/DEHYDRO- yd Q408
1 Ny T (Acy GENASE
NAD* NADH + H+ 1| I : : I w C'EFSQJE \\ |MTING),\FMN'E"/“H|°. o Igg
= Q
% /
AMP ] 1 [} [ & GHs D* NADH +H+ 0, t
- D-AMINO
pcemare | ) 1) % HO-C-COOH  GLYCOLATE :;uoxm-ra GLYOXYLATE NH, I} acip W H,O , 'rm-z’
HI LI I < ¢H, Hag-on REDUCTASE Q OXIDASE J) i FAD.
z ¢oom L.— == el = -
Coh-SH Hin ! 5 R COOH 1.
I 1IN = (5)-2-HYDROXY- coou GLYCINE  Prep || / 2-HY1
[ ! it [m N, FLUORO. ACID OXDASE TRANSAMINASE JJ GLUTARATE/IDEH:ASRLSEEENHE GLUY
| : ! P \e comsrs N\ CITRATE FMN-E FMNH, - E 1'} COOH [/ NADH HH* NAD+ €
] 1! w @ co. |50 c
z ACONITATE I e T
ACETATE , g1y, ACETYL i z CONTATE NG, " il ISOCITRATE § ¢
Con ADENYLATE e gt z (ACONITASE) 10, o, DEHYDRO- ‘.:
LIGASE i i | <2— MALATE, 2 ?ENASE/ ACCEPTOR-H, ACCEPTOR
AMP-C = | il <| O AceTYL- H,O iy | oxaLo- NADF) 2.munoxvmunn
Mg*+ ] | Ul CARNITINE UCCINATE, | ; V4 f NI
n RA e CH, I l 1 I (=) O-ACETYL- v ~ :WSC??EENOL' I S AISHP SUCCINATE’/ v DEHYDROGENASE
. th -Ds- No H DASE
- - - | ‘\————---———_-.|. L—: :-J CARNITINE ACONITATE‘* ISO?I?I,'EPA’TE :Sot(ezilrsllni NADPH 900 / .L»f,o NH,
The citric acid R 11 R O - o e gl DN
-C- ITAI
: ! iy i A E-zouu Acom‘rn?"h.,,.. .*H-c Ho NARP\ (NADRY "r' cH, /' GLUTARAMATE |4 f ekl
1 H'C COOH s — Note 14 (1
¥ 1 ¢ Lo e SRR Lo e al == (o oo [ BENNE
| HOCH % = ISOCITRATE [,
! KINASE St others? iy ACONITATE COOH % "W s g st === "6 YDROGENASE {1 *
h SEACH ehers) iy b DECARBOXYLASE NAD* & H (NAD*) CH;
: | ADP .. AT b b co, NADH +H* | do, f:, é,wi
| P inac- | 11 (ATP), 0
(en Ia.rg ed fr0| I I : P ! : R ITtﬁ?NATE Cifrclﬂe (AM@:’ . (NADH) [L-AMINC ACID] nmuonqn-.:
] HO [ACETYL- P, | e cycle at low NADPH + H* MADF
bt ok EArBxT. 1 : : : g:“‘"" Y CITRATE,(ADP) GLUTAHINE. oxoach'w,p
- - [ LASE] PHOS- 2
revious SI Ide -/ P H : : coou ;o,( i _J GLUTAMATE SYNTHASE
. ./ 1R . e e
| L) [ ———————————— e e ———————————————————— S ——




The bacterial cell as an example for a \ \
simple form of autonomous life \

Escherichia coli genome:

4 million nucleotides
4460 genes

The structure of the bacterium Escherichia coli



Somatic cells

23233228

Germ line cells

August Weismann, 1834-1914

Separation of germ line and soma
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Development of the fruit fly drosophila melanogaster: Genetics, experiment, and imago



E. coli: Genome length 4x106 nucleotides
Number of cell types 1
Number of genes 4 460

Four books, 300 pages each

vl -

EF6691.5¢0 KV X15+0K 2i68%ms |

Man:  Genome length 3x%10° nucleotides
Number of cell types 200
Number of genes ~ 30 000

A library of 3000 volumes,
300 pages each

Complexity in biology
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Alan C. Wilson.1985. The molecular
basis of evolution.
Scientific American 253(4):148-157.
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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.
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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
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

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
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 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
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, 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-

o AN
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 prev
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 Avi
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 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.

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




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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Biology and complexity:

* Evolution does not design with the eyes of an engineer but uses
available objects for new purposes.

* The tinkering or bricolage principle gives rise o new objects of
increasing complexity.

* The increase of complexity in biological evolution is an empirical
fact.



6. Biology and probabilities



Polymer chain of 153 amino acid residues with the sequence:

GLSDGEWQLVLNVWGKVEAD I PGHGQEVL IRLFKGHPETLEKFDKFKHLK
SEDEMKASEDLKKHGATVLTALGG I LKKKGHHEAETKPLAQSHATKHKIP

VKYLEFISECI 1QVLQSKHPGDFGADAQGAMNKALELFRKDMASNYKELG
FQG

The myglobin molecule




Eugene Wigner’s or Fred Hoyle’s argument applied to myoglobin:

All sequences have equal probability and all except the
correct one have no survival value or are lethal

GLSDGEWQLVLNWWG. - - - . FQG

Alphabet size: 20
Chain length: 153 amino acids
Number of possible sequences: 20153 =0.11 x 102

Probability to find the myoglobin sequence:

20153 =9 x 102°0=0.000...... 009
+t—>



GLSDGEWQLVLNWWG. - - - . FQG

Eugene Wigner’s and Fred Hoyle’s arguments ACTHWGAADQKFPAL .. . .. SCA
revisited: *
ACLHWGAADQKFPAL . . . .. SCA
Every single point mutation towards the v
target sequence leads to an improvement ACTHWGAADQKFPAL . . . . . SCG
and is therefore selected
ACIHWGAADQLFPAL. . ... SCG
ACIHAGAADQLFPAL. .. .. SCG

v
v
v

_ GLSDGEWQLVLNVWG. . . - . FQG
Alphabet size: 20

Chain length: 153 amino acids
Length of longest path to myoglobin sequence: 19 x 153 = 2907

Probability to find the myoglobin sequence: 0.00034



The folding problem of the myoglobin molecule:

A chain of 153 amino acid residues, each of
which can adopt about 15 different
geometries, can exist in

15153 = 0.9 x 10180 conformations.

One specific conformation - the most
stable or minimum free energy
conformation - has to be found in the
folding process.

The Levinthal paradox of protein folding



Three basic questions of the protein
folding problem:

What is the folding code ?

What is the folding mechanism ?

Can we predict the native structure of a
protein from its amino acid sequence?

K.A. Dill, S.B. Ozkan, M.S. Shell, T.R. Weikl. 2008. The protein folding problem.
Annu.Rev.Biophys. 37:289-316.



The gulf course landscape

Solution to Levinthal’s paradox Picture: K.A. Dill, H.S. Chan, Nature Struct. Biol. 4:10-19



N

The funnel landscape

Solution to Levinthal’s paradox Picture: K.A. Dill, H.S. Chan, Nature Struct. Biol. 4:10-19
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The structured funnel landscape

Solution to Levinthal’s paradox Picture: K.A. Dill, H.S. Chan, Nature Struct. Biol. 4:10-19



An “all-roads-lead-to-Rome” landscape

The reconstructed folding landscape
of a real biomolecule: “lysozyme”

Picture: C.M. Dobson, A. Sali, and M. Karplus, Angew.Chem.Internat.Ed. 37: 868-893, 1988



MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE

Computed folding routes for guanine
nucleotide binding (G) protein

S.B. Ozkan, G.H.A. Wu, J.D.Chordera and
K.A. Dill. 2007. Protein folding by zipping
and assembly. Proc.Natl.Acad.Sci. USA 1-56
104:11987-11992.
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Structures of RNA molecules

S.R. Holbrook. 2008. Structural principles
from large RNA molecules.
Annu.Rev.Biophys. 37:445-464.



Structures of RNA molecules

S.R. Holbrook. 2008. Structural principles from large RNA molecules. Annu.Rev.Biophys. 37:445-464.



Web-Page for further information:

http://www.tbi.univie.ac.at/~pks
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