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1. Fibonacci - Rabbits, plants, and the golden ratio



0 ifn=20;
£, = 1 ifn=1;
Fo1+ Fah—o 1ifn>1.

F, = 0,1,1,2,3,5,8,13,21,34,55,.... for
n=0123456 7 8 910, ... .

Leonardo da Pisa
Fibonacci“ — Filius Bonacci
~1180 — ~1240

The Fibonacci numbers
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The Fibonacci numbers

Johannes Kepler (1571-1630)
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The Fibonacci spirals




2. Mendel - Colors, genes, and inheritance



1. flower color is purple or white 5. seed color is yellow or green

2. flower position is axil or 6. pod shape is inflated or
terminal constricted
3. stem length is long or short 7. pod color is yellow or green

4. seed shape is round or wrinkled

1st experiment 60 fertilizations on 15 plants
2nd experiment

3rd experiment

58 fertilizations on 10 plants
35 fertilizations on 10 plants

4th experiment 40 fertilizations on 10 plants

5th experiment
6th experiment

23 fertilizations on 5 plants
34 fertilizations on 10 plants

A

7th experiment 37 fertilizations on 10 plants

Gregor Mendel‘s experiments on plant genetics

Versuche Uber Pflanzen-Hybriden. Verhandlungen des naturforschenden Vereines in Briinn 4. 3-47, 1866.
Uber einige aus kiinstlicher Befruchtung gewonnenen Hieracium-Bastarde. Verhandlungen des naturforschenden
Vereines in Briinn 8: 26-31, 1870.



Experiment 1 Experiment 2

Form of Seed Color of Albumen

Plants Round Angular Yellow Green
1 45 1z 25 11
2 27 g 22 7
3 24 7 14 5
4 19 10 70 27
5 2 11 24 13
] 26 8 20 3
T BB 24 32 13
g 22 10 44 9
5 28 8 50 14
10 25 7 44 18

o Expt. 1: Form of seed. From 253 hybrids 7324 seeds were obtained in the second
trial year. Among them were 5474 round or roundish ones and 1850 angular
wrinkled ones. Therefrom the ratio 2.96:1 is deduced.

o Expt. 2: Color of albumen.. 258 plants yielded 8023 seeds, 6022 yellow, and 2001
green; their ratio, therefore, is as 3.01:1.

Gregor Mendel concluded correctly from his experiments:

1. that the inheritance of each trait is determined by "units"
or "factors" that are passed on to descendents
unchanged  (these units are now called genes)

2. that an individual inherits one such unit from each parent
for each trait

3. that a trait may not show up in an individual but can still
be passed on to the next generation.

Gregor Mendel‘s experiments on plant genetics



Gregor Mendel‘s experiments
on plant genetics
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genetic recombination

Strand
Exchange

Molecular explanation of Mendel‘s expriments — recombination



3. Fisher - Synthesis of genetics and Darwinian evolution



alleles: A, A, ..., A

frequencies: X =[A]; genotype: A;A,

Fitness values: a, = f(A-A)), &, = a,

j=1 k=1
with & = ZZCLJASL’ ., and ZZE =1
j=1 k=1
dd _ 9 _ _
7t=2(<a >—<qa > )=2var{a}20

Ronald Fisher‘s selection equation



4. Turing - The origin of patterns



A. M. Turing. The chemical basis of morphogenesis.
Phil.Trans.Roy.Soc. London B 327:37, 1952

« o ¢ St ¥
e § i "'!." 35 !,-t by I x _s_“\

Alan Turing (1912-1954)

0 C;
ot

= D, A¢; + Fi(ci,c0,...,¢,); 1 =1,2,...,n

D; ... diffusion coefficient of substance ”i”

Spontaneous pattern formation in reaction diffusion equations
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Experimental verification of Turing patterns in chemical reactions




Turing patterns
on animal skins
and shells




5. Hodgkin and Huxley - Neurons and PDEs



A single neuron signaling to a muscle fiber
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Alan Hodgkin

A. L. Hodgkin and A. F. Huxley. A Quantitative Description
of Membrane Current and its Application to Conduction and

Excitation in Nerve.
Journal of Physiology 117: 500-544, 1952

The Hodgkin-Huxley equation

Andrew Huxley
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Fig, 2.2 ELECTRICAL STRUCTURE OF A CABLE (A) Idealized cylindrical axon or dendrite at the
heart of one-dimensional cable theory. Almost all of the current inside the cylinder is longitudional
due to geometrical (the radius is much smaller than the length of the cable) and electrical factors
(the membrane covering the axon or dendrite possesses a very high resistivity compared to the
intracellular cytoplasm). As a consequence, the radial and angular components of the current can
be neglected, and the problem of determining the potential in these structures can be reduced from
three spatial dimensions to a single one. On the basis of the bidomain approximation, gradients in the
extracellular potentials are neglected and the cable problem is expressed in terms of the transmembrane
potential V,, (x, t) = V;(x, t) — V,. (B) Equivalent electrical structure of an arbitrary neuronal process.
The intracellular cytoplasm is modeled by the purely ohmic resistance R. This tacitly assumes that
movement of carriers is exclusively due to drift along the voltage gradient and not to diffusion. Here and
in the following the extracellular resistance is assumed to be negligible and V, is set to zero. The current
per unit length across the membrane, whether it is passive or contains voltage-dependent elements,
is described by i,, and the system is characterized by the second-order differential equation, Eq. 2.5.

Christof Koch, Biophysics of Computation. Information Processing in single neurons.
Oxford University Press, New York 1999.
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Fig. 6.2 ELECTRICAL CIRCUIT
FOR A PATCH OF SQUID AXON
Hodgkin and Huxley modeled the
membrane of the squid axon us-
ing four parallel branches: two
passive ones (membrane capaci-
tance C,, and the leak conductance
G, = 1/R,) and two time- and
voltage-dependent ones represent-
ing the sodium and potassium con-
ductances.

Christof Koch, Biophysics of Computation. Information Processing in single neurons.

Oxford University Press, New York 1999.
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om

Ezam (1-m)— B, m Hodgkin-Huxley PDEquations
oh | - |
E:O‘h (1-h)-B, A Travelling pulse solution: ¥(x,7) = V(&) with
%, E=x+0t¢

n
—=a,, (1-n)— n
ot " (=m)=B,

Hodgkin-Huxley equations describing pulse propagation along nerve fibers
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dh Travelling pulse solution: ¥(x,7) = V(&) with
ngah(l—h)—ﬁhh E=x 01

dn

6 Eﬂln (1-n)-B,n

Hodgkin-Huxley equations describing pulse propagation along nerve fibers
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dh

57 = €(T)[an(l— ) — Gih]
on

E = ':H::'(T:I I:L_}.'n[i]. — ?ij - -‘j’nﬁ] 1

where EI'[T:I — 3(T-63)/10

Temperature dependence of the Hodgkin-Huxley equations



Systematic investigation of
pulse behavior

<

Intarnational Journal of Bifurmtion snd Chace, Vol 18, Na. 12 ({2008} S0E-3516
(2 Warld Sdentifle Publishing Company

ANALYTICAL DYNAMICS OF NEURON PULSE
PROPAGATION

FAUL E. PHILLIPSCOM* and PETER SCHUSTER
Tnatitue filr Theoretische Chemie, Universitdt Wien,
Wihringaratmafla 17, A-1090 Wien, Austria
*Austrian Academy of Sciences, Dr. Ignaz Seipel-Plaiz £,
A-1010 Wien, Austria

Recaived July 12, 2005; Revised Jamary 11, 2006

The four-dimensicnal Hodgkin-Huxley equations describe the propagation in space and time of
the nction potentinl v (z) along & neural axon with = =  + o and e being the pulse speed. The
pobentinl oz ), which is parameterized by the temperature, is driven by three gating functions,
m(z), miz) and k(z), esch of which cheys formal ficst order kinetics with rte constants that
are represented as ponlinear functions of the pobentinl v, It s shown that this system can be
analytically simplified (i) in the number of guting functions and (i} in the form of associated roke
functicns while retaining to close approdmation quantitative fdelity to computer salutions of
the exact squations over the complete temperature range for which stable pulses exist. At a given
temnperature we record two solutions (T« T corresponding to a high-speed and o low-apeed
branch in speed -tem perature plots, o T, or no solution (T7 5 T, The pulss is considered as
composed of two contiguous parts: (i) o pulse front extending from v(0) = 0to o pulse maximum
8 = V. and (i1} o pulse back extending from ¥, . through a pube minimum ¥, to o final
regression bock to oz — oo] = 0. An approximote anohrtic solution s derived for the pulss
fremt, which is predicted to propagte ot o speed o) = 120383 (T°0) cm/eec, & = 377 in
close agreement with computer solution of the exnct Hodghin-Huxley equations for the entire
pulse. These results provide the basis for a derivation of twodimensional differentinl equation
systems for the pulse front and pulse hack, which predict the pulse maximum and minimum over
the operational temperature range 0 < T < 25°C, in close agreement with the exact equakions
Mest neuron dy namics studies have been based on voltage clamp experiments festuring external
current injection n place of sell_generating pulse propagation. Since the behaviors of the gating
functicns are similar, it s suggested that the present approocdimations might be applicable ta
such situations as well as to the dynomics of myelinated fbers.

Keproords: Hod ghin-Huxley equations; action potentials; neuran models nonlinesr dynamics;
neurcn pulse propagaticn.

1. Neuron Pu.lx Propagation E.md aquations became the prototype for deseription of

the Hodgkin-Huxley Equations neural pulse propagation and provide the basis for
Conductance mechanisms for the propagation of  all subsequent conduction models of neural behay-
a pulss along an unmyelinatad neural axon were o1, The Hodgkin-Huxley equations relate the prop-
encapsulated within a predictive theory by the  agating action potential + to sodium, potassium
aquations of Hodgkin and Huxlay [195Z). Thess  and leak conductances . Fi, Jlg, cousing the

*Parmenent Address: Department of Physice, Box 300, University of Colorado, Bouler, 00 &S00, USA E-mail:
phillipedis darsdaedu
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6. Error thresholds and antiviral strategies
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Stock Solution —>

Reaction Mixture ——

Stock solution: )

activated monomers, ATP, CTP, GTP,
UTP (TTP);

a replicase, an enzyme that performs
complemantary replication;

buffer solution

Flow rate: r=1g?

The population size N, the
number of polynucleotide
molecules, is controlled by

the flow r

N@)~N £JN

The flowreactor is a device for
studies of evolution In vitro and
Iin silico.
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Xn = X_]

Chemical kinetics of replication and mutation as parallel reactions
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Manfred Eigen‘s replication-mutation equation



Mutation-selection equation: [I,] =x;20, >0, 0,20
dtl :ZjﬁlQ"fffxf_ X, ®, i=12,n; Z_l =L &= Z —1f/xj _f

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

() gzk Ck( )'exp(/lkt)

Z _12 Ejk 'Ck(o)' exp(/ikt);

i=12,--,n; ¢, (0)= Z;hki x,(0)

W+{fl.Ql.j; i,j=1,2,---,n}; {ZU, i, j=1,2,- }; L_1:H={hij; i, j=1,2,---,n

L*W-L = A = {4;k=0,1,--n—-1}



constant level sets of D ...

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



Uniform error rate model:

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

di(X;, X;) ... Hamming distance
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Master sequence

Formation of a quasispecies

in sequence space
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Master sequence

Formation of a quasispecies

in sequence space
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Master sequence
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Formation of a quasispecies

in sequence space



Uniform distribution in

sequence space
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SELF-REPLICATION WITH ERRORS

9

A MODEL FOR POLYNUCLEOTIDE REPLICATION ==

Jorg SWETINA and Peter SCHUSTER *
Taariras fiir Theoretische Chemie wnd

der Lineversinit,

17, A 1090 Wiew, Auriria

Received dth Juss 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 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 size:
'{‘-:'-i.-;n.r‘.-%a.a-l....u' i
By x, we denote the population number of con-
centration of the self-replicating element 1, ie.
x,=[1,]. The total population size or wal con-
centration ¢ = E,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.

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

1.0

min

¥i05 Quasispecies >i< Uniform distribution ——
i
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Quasispecies as a function of the replication accuracy q



Chain length and error threshold

O-c = (1-p)c 21 = n-In(l-p)=-Inc
Ino
n..constant: p... = —
n
Inc
p ... constant: n. = ——
P
O=(0-p)" ... replication accuracy
p ... errorrate
n ... chainlength

superiority of master sequence

o= S
)X,
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Preface

Antiviral strategy on the horizon

Error catasirophe had its concepmal ongins mthe middle of
the 20Eth cennoy, when the consequences of muations oo
enrvines imvolved in protein syothesis, 25 a theory of agmg.
In those times biological processes were generally perceived
differently from today Infections diseasas were regardad as
3 fleating muizance which would be eliminared through the
use of antibiotcs and sntviral agems. MMicretdal varation,
although kpown in some cases, was not thought to be a signif-
icant problem for dissase control. Vanation in differentiated
orzanisms was seen 3s resulfing essentially from exchanges
of genetic marerial associatad with sexual reproduction.
The problem was to wmweil the mechanisms of inbentance,
expression of genstic miommation and meabolism. Few saw
that genetic change is ocouwTing at pressnt in 2l organisms,
and sl fawer recognized Darwinian principles as essential
to the biology of pathogenic viruses and cells. Population
genaticists rarely used bacieria or vinuses as experimental
svstems to define concepts in biological evolution. The extent
of zenetic polymorphisin among individuals of the same
biological species came as & surprise when the first results
on comparison of electrophoretic mobility of enzymes were
obtained. With the advent of in vimo DINA recombination,
and rapid mucleic acid sequencing technigues, melecular
analvses of genomes remforced the conclusion of exreme
inter-individual genetic variation within the same specias.
ow, due largely to spectacular progress in comparative
zenomics, we seg cellular DMAs, both prokaryotic and
eukaryotic, as highly dyoanuic. Most cellular processes, in-
clnding such essential mionmation-bearing and wansfaring
events 35 genome replication, ranscription and translation,
are increasmely perceived as mherapely macourate. Vinsas,
and in particular B3A vimses, are smong the most exireme
examnples of exploitation of replication macouracy for
survival.

Emor catastrophe, or the loss of meaningful genstic infor-
mation throngh excess genetic vananon, was fommlated in
quantitatve terms as & cansequence of quasispecies theary,
which was first developed to explain self-organization and
adaprablity of primitive replicons in early stages of life. Be-
cently. 3 concepmal extension of emor camasmophe thar could
be defined as “induced gepetic deterioration’ has emergad as

028 - sesa frons =narer & 2004 Elcoviar BV, All dghic recarved.
& viraeres. 2004.11.001

a possible antiviral swrategy. This is the topic of the cwment
special issue of Firws Research.

Few would nowadays doubt that one of the major obsta-
cles for the cowtrol of viral disease is short-tenm adaprability
af viral pathogens Adaprability of vimses follows the same
Darwinian principlas thar have shaped biological evolution
over eons, that is, repeated rounds of reproduction with ge-
netic variation, compefition and selection. often perturbed
oy random events such as stanstical fuctuations n popu-
latton size. However, with viruses the consaquences of the
operation of these very same Darwinian principlas are felt
within very shor times. Short-term evolution (within hours
and days) canbe also observed with some cellular pathogans,
with suisets of nonnal cells, and cancer calls. The nature of
FIMA viral pathogens begs for altematmes antiviral strategias,
and forcing the vims to cross the critical error threshold for
maintensnce of genstic miormation is one of them

The comtributions to this vehune bhave been chosen o
raflecy differenr lines of evidence (both theorstical and
experimental) on which anriviral desizns based on genanc
deterioration inflicted upon vimses are belng consmucted.
Theoretical smudies bave explored the copying Sdelity
condittons that must be fulfilled by any mformation-earing
replication system for the essental genetic information fo
fre wansmitred o progeny. Closely related to the thearerical
developments have been mumerous experimental smdies
on gquasispecies dypamics and their nmltple biological
manifestations. The latter can be summarized by saying
thar BINA wvimses, by virue of existing a3 mutant specira
rather than dafined zensric antities, ramarkably expand their
potential 1o overcoms selactive pressures intended oo limit
their replication. Indead, the use of antiviral inhibitors in
clinical practice and the design of vaccimes for 3 mumber of
major BEIA vims-associatad diseases, are currently presided
Try 2 senss of uncemainty. Another line of growing researchis
the enzymolezy of copying fdeliny by viral raplicazes, aimed
at undarstanding the molecular basis of nmragenic activitas.
Ermor catastrophe as a potential pew antiviral swrategy re-
caived an important inpalse by the ohservation thar riavirin
(2 licensed avtiviral micleoside analogue) may be exerting, in
sOLe systems, its antiviral activity through epbanced nnrage-

11 Frofave / Virus Research J07 (2005) §13-016

nesis. This has encovraged investizations oo new mutagenic
base analogues, some of them usad m anticancer chemother-
apy. Some chapters nuunmarize these important biochemical
smudies on cell enty pathways and metabolism of mutagenic
agents, that may find pew applications as antiviral agents.
This volume mmtends to be basically 2 progress repoat, an
inmroduction to 4 new svenue of research, and a realistic ap-
pratzal of the many issues that remzin to be imvestigated. In
this raspect, I can envisags (pot without mamy uncermainties)
at l=ast three lines of needed research: (i) One on further un-
derstanding of quasispectes dvnamics in infected individusls
%o leam more on how to apply combinations of virus-specific
mmatazens and inhtbitors in an effective way, finding synar-
Zistic combinations snd aveiding antazomistic ones as wall
a5 sevare clinical side effects. (1) Another on a desper undar-
standing of the metabolisin of nyta zenic azents, in partioular
base and nucleoside spalogues. This includes identification
of the mansporters that carry them into cells, an understand-
ing of their metabolic processing. inracellular stability and
alterations of nucleotde pools, among other tssues, (i) Sull
anpther line of needed ressarch is the development of new
mutagenic agents specific for vimses, showing no (or im-
ited) towicity for cells. Some advances may come from links
with apticancer research, but others should result from the
desizns of new molecules, based on the stactures of viral
polymerases. [ really hope that the reader finds this jssue not
only to be an interesting and usefinl review of the currant sini-

ation in the field, bus also a stinulating exposure to the major
problems to be faced.

The idea to prepare this special issue came a5 & kind imvia-
tion of Ulrich Diasselbergar, former Editor of Fims Research,
and then taken enthnsiastically by Luds Enjusnes, recently ap-
pointed as Edior of Firus Research. I take this oppormmity
to thank Ulrich, Luis and the Editor-in-Chiaf of Firus Re-
seareh, Brian Maly, for their contitmed mtsrest and support
to the research on vims evolution over the vears.

My thanks go also to the 19 authors who despite their busy
schadules have taken time to prepare excellent mamiscripts,
to Elsevier staff for their prompt responses to mv requests,
and, Last ur not least. to Ms. Lucis Homillo from Centro de
Biologia Meleoular “Saverg Ochoa™ for her patient desling
with the correspondence with awthors and the final organiza-
tion of the issue.

Estsban Domingo

Universidod durdnoma de Madrid

Canmro de Biolegia Malecular “Savero Ochoa™
Conzgio Suparior de Imestigaciones Clanrjficas
Canioblance and Faldeolmos

Madrid, Spain

Tel:+ 34 01 297 B4250/9; fax: +34 91 407 4728
E-may address. edonungedchmouam.es
Anrailable enline 8 December 2004



7. Neutral networks - How evolution works



RNA sequence: GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA
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RNA folding:
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biomolecules,
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RNA structure
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Sequence, structure, and design



The Vienna RNA-Package:

A library of routines for folding,
inverse folding, sequence and
structure alignment, kinetic
folding, cofolding, ...

Monatshefte fiir Chemie 125, 167-188 (1994)
Chemical Monthly
© Springer-Verlag 1994
Printed in Austria

Fast Folding and Comparison of RNA
Secondary Structures

I. L. Hofacker!'*, W. Fontana®, P. F. Stadler!®, L. S. Bonhoeffer*, M. Tacker!
and P. Schuster'-*+*

' Institut fiir Theoretische Chemie, Universitit Wien, A-1090 Wien, Austria

? Institut fiir Molekulare Biotechnologie, D-07745 Jena, Federal Republic of Germany
 Santa Fe Institute, Santa Fe, NM 87501, US.A.

* Department of Zoology, University of Oxford, South Parks Road, Oxford OX1 3PS, UK.

Summary. Computer codes for computation and comparison of RNA secondary structures, the
Vienna RNA package, are presented, that are based on dynamic programming algorithms and aim at
predictions of structures with minimum free energies as well as at computations of the equilibrium
partition functions and base pairing probabilities.

An efficient heuristic for the inverse folding problem of RNA is introduced. In addition we present
compact and efficient programs for the comparison of RNA secondary structures based on tree editing
and alignment.

All computer codes are written in ANS| C. They include implementations of modified algorithms
on parallel computers with distributed memory. Performance analysis carried out on an Intel
Hypercube shows that parallel computing becomes gradually more and more efficient the longer the
sequences are.

Keywords. Inverse folding; parallel computing: public domain software; RNA folding; RNA secondary
structures: tree editing.

Schnelle Faltung und Vergleich von Sekundiirstrukturen von RNA

Zusammenfassung. Die im Vienna RMA package enthaltenen Computer Programme fiir die
Berechnung und den Vergleich von RNA Sekundiirstrukturen werden prisentiert. Ihren Kern bilden
Algorithmen zur Vorhersage von Strukturen minimaler Energie sowie zur Berechnung von
Zustandssumme und Basenpaarungswahrscheinlichkeiten mittels dynamischer Programmierung.

Ein effizienter heuristischer Algorithmus fiir das inverse Faltungsproblem wird vorgestellt.
Dariiberhinaus priisentieren wir kompakte und effiziente Programme zum Vergleich von RNA
Sekundérstrukturen durch Baum-Editierung und Alignierung.

Alle Programme sind in ANSI C geschrieben, darunter auch eine Implementation des Faltungs-
algorithmus fiir Parallelrechner mit verteiltem Speicher. Wie Tests auf einem Intel Hypercube zeigen,
wird das Parallelrechnen umso effizienter je linger die Sequenzen sind.

1. Introduction

Recent interest in RNA structures and functions was caused by their catalytic
capacities [1, 2] as well as by the success of selection methods in producing RNA



RNA sequence: GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA

Iterative determination

of a sequence for the
given secondary
structure Biotechnology,

RNA structure
of minimal free
energy

Sequence, structure, and design

Inverse Folding
Algorithm structures and functions

Inverse folding of RNA:

design of biomolecules
with predefined




Minimum free energy
criterion

UUUAGCCAGCGCGAGUCGUGCGGACGGGGUUAUCUCUGUCGGGCUAGGGCGC

1st / GUGAGCGCGGGGCACAGUUUCUCAAGGAUGUAAGUUUUUGCCGUUUAUCUGG

2nd
3rd trial >

4th
5th \ CAUUGGUGCUAAUGAUAUUAGGGCUGUAUUCCUGUAUAGCGAUCAGUGUCCG
\ GUAGGCCCUCUUGACAUAAGAUUUUUCCAAUGGUGGGAGAUGGCCAUUGCAG

Inverse folding

UUAGCGAGAGAGGAGGCUUCUAGACCCAGCUCUCUGGGUCGUUGCUGAUGCG

The inverse folding algorithm searches for sequences that form a given RNA
secondary structure under the minimum free energy criterion.
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Sequence space and structure space
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Space of genotypes:  I={ly, Ip, I3, 14, ... , I} ; Hamming metric
Space of phenotypes: S ={S1, Sy, S3, Sy, ..., Sm} ; metric (not required)

N >> M

v (/j) = Sk

G =y S UL 1| w(z) = Sy }

A mapping v and Its inversion



Gr=vy (S = {I; | y() =Sy }

2 Ai(k)
Xk _ j€|Gyl
|Gl
Alphabet size « :
K .
2 0.5 AU,GC,DU
Aj=12/27=0444 3 | 0423 | AUG,UGC
4 0.370 AUGC
M > Agp ... network Gy is connected
A <Ag - ... network Gy is not connected

Connectivity threshold: A, =1-x "1/(e-1)

Degree of neutrality of neutral networks and the connectivity threshold



Giant Component

A multi-component neutral network formed by a rare structure: A <A,



A connected neutral network formed by a common structure: A > A,



Stochastic simulation of evolution
of RNA molecules

mmamm
tn b CT\_le'T TTCT-
CATTTA |'IC|'WH11'| and :--T\_TTTET\_TT\.TG.T-
TCOCAOC-F ovarsa) Fbadlors-m
= ﬂLdIEJ urkof T, uwh-mm
uhkt 200 TP, dT TP, JGETF,
H'l\:h:ﬂTF'L mmﬁmiﬂﬂMH}HG pHeq,
50 M KiCk,1 5 mi RaC] In 3 cycka onciion of
B4°C for 1 minand hen BJELOIF-PCTWIIS.
E5°C r 305, ared TFC T
Erl'l'l.F‘:Hpﬂ:\dJCl‘m lhdﬂ:h?h,
Nh:l:lml.ar-d.q:\ﬂ-dﬂl
E: =3 A.mnmrru.:lmn'a%-albclrrﬂu.Jmlyam
rsull In degidaton of rnlmnxrpu. Faquat,
Am, J Hem, Sand. 5O, 2T
32 Dala nob showr adol blc-lm‘lh {4+ ARL& from
EO Fuman 52,85 [Tha Human Mﬂlﬂ'B\:\l
TTTou, Clontech L aboratnas) I%tﬂdﬁd
apmbim woore 29 bd'd'ﬂ" '5 LEing the
mmmammmmamy.u'm
M. Emil Sy redroime (SIS ko 1o dellons
of various skes, tha smalect of which
Inec| MYCHS ﬂ'ld?ﬁ‘hq:- Wohﬂ'?ﬂ'&
E-2 Chan, L Polok, Luprsk|, A0 Aoz, &.
2z MADIIE [ delecksd
hlhﬂp‘lilm‘ mmmm 1] ]
ey bor MYCHS My aqplaina partion of the TS

mum.hmmam

Dl'-ap-olrlml.lﬂl\:mh E'Shlpur

EME 17p1 1.2 chlation.

3. FL A& Frical, dala rof shown.

. K. B. Avisham & al , vt Sanef. 11, 363 [109;
W L al I A7, 268 [1907); F. Gboonef 2.,
M= 374, €32 [1005% 0. 'Wel of 21, &4, p. B0,

7. A waz axkacked fom ooohba Membrar e lab-
s coaod fom uman e 31 18 o 22

sk ol naconaew gl
astabkehiad by he Human Risssarch Canmiiss al
tha Bigham ard Women's Hooplal Orly
witoul @ Henca of degrackiion wer or
poky (B salsction over olgoédT) cobmie. Frsk
chrand cOhA was an &ceniag FT-
r-PCA ulpmﬂmm..x. i
Irzhsiardd cON A, (%) was FCF wih
D& polymeraz= mix ClonkechLabora-
ores g F.nen M1 5-spocik: cdgonuc ecks
% (T, 5-GCATCCTOO GR0T AR T-
; rarveize, & CTCACHECT TOTECATGET-
GCTORECTEEC 2. conclbone wes 405
o B47C; 4058 BENC (B pclas  S0PC 5 oydes, and
B 29 ;ard 45 5 al &7, FOA producks
e by sihicum bromick slaiiing afler
Factioration In 2 1% agares gel & Geibp FOA

Continuity in Evolution: On the
MNature of Transitions

Walter Fortana and Pater Schustar

Tix dmngulahcomnmu&m discortinuous mluﬂorﬁr}'al‘ang&. A relatkon of nearmess
betasen phenotypss |3 neadsd. Such a rlathn |s bessd on the protability of one
pranotype baing accassibls from anather thiough changes In the ganotype. This near-
neza ralation e sxempiilad by cakuating the shaps nelohborhaod of a transtar FNA
:ammdm‘y struchure and FXB‘-‘IG% a charactertzation of dacontinuous sﬂape transtar-
maticrs In FMA. The simulation of replizating and mutating RRA populations undsr
sakection shows that sudden adaptive progress coincloes mestly, bt not aksays, with
dizcontinuous shaps transformations. The natur of thess ransfomations luminates
1 lea ke of neutral genstic dift In thalr realizaton

A much-debated tsmue in evolutionary bi-
alopy concems the extent to which the
history of life bee procesdad grmdual by ar has
been punctuabad by discontinuoss tansi-
tons at the level of pl'-enon'p-es (1. Cur
poal 15 to make the noton of a discontinu-
ous transifion more precise and to under-
stand bow it arizes ina model of evalution-
ary adapmation.

We bocus on the narrow domain of RRA
secondary stnacture, which s cumently the
simplest computationally tmctable, yet re.
alistic phenotrpe (2). This choice enables
the definition and explomtion of concepts
that may prove uee aqu in a wider context.
RMA soondary  struchares repressnit @
coarss level of analysis comparsd with the
three-dimersional structurs at abomic reso-
lution. Yet, s condary stnctures are empir-

Irelfut fr Theoratizoa Cham B, Unksreisl Wi, \Wahr-

alrczn 17, A-1000%Wen, Ausinia, SaniaFe ns s,
1 mmmusm.:h.nmrﬂ LEA, ard
Inksimal Ireiiute for 5
L RS, i ke o Al

kally well defined and obtain their biophye
kal and hochemical impormrce from be-
ing a scaffald for the tetiary structure. Faor
the sake of brevity, we shall refer to second-
ary structures o= *shay RMA combines
in o single molecule Eﬂ\h penotype {repli-
cathle ssquence) and phenotype (seect-
able shape), makirg it deally suited for in
vitro evalution experiments |3, 1.

To penemie evalutionary hl:-borlu. e
wsed @ stochastic continuous time model of
an RMA population replicating and mumt-
ing in a pacity-corstraired How reactor
under sslection (5, &) In the labamtary, o

cal might be to find an RMA apmmer
Elndlng specifically to a malecule (41, Al
though in the experiment the evalutionary
end product was unkrown, we th

its thape e beirg specified implicitly by the
impomed selection criterion. Pecatse our in-
terit 15 ba study evalutionary historles rather
than end pm-ducl:. we defined a target
shape in advance ard mesumed the replica-
tlon rate of a sequence to be o function of

REPORTE

1+ m&dﬂl‘mn ampificalion of the human
WIS oD fcalon ol human

I:N!.v\.'lhIH..pﬂTﬂ'parmuldm.l na
Fagmart

» e oy

:uml?m:.lTldlh’.l"‘l.uFOr schntal and compula-

whiament az e Dok of the NIDCC.

0 Warch 109, mocepied 17 Ap 1008

the similarity between i shape and the
mrget. An actual domton may invohe
more tham one best shape, but this dees nat
affect cur corelusions.

An instance representing in its qualita-
tive features all the smuladons we per-
formed is shown in Fip. LA, Stardng with
dentical ssquences folding into a random
shape, the simulation wee stopped when the
p-opu|.1lion became domirated by the mr-
st, hers o canoniml B2MA shap-e. Thie
E|:|c|-c curve traces the moempe dsmnce to
the target (inversely related to fitness) in
the population apairst time. Aside from a
shiort initial phase, the entire history is
dominated I:rr steps, that is, flat p-erh:\ds of
no opparent adaptive ress, Lnterniphed

fbdpden a r\gucl';n:grurd the I:Prg_et
struchire I;.rl Hewrewer, the dominant
shapes in lation rot onby ¢ harge at
Ihufle rnnrl:-adpi?::nu but under s-:le':ml
fitness-reutml tmnsformatons urng the
periods of mo apparent propress. Although
discontinuities in the fitress tmoce are evi-
dent, it is entirel ¥ urclear when and on the
basis of what the seres of successive phe-
notypes lelf can be called continuens or
discontinuous.

A st of entities 1= ora:ml:cd Into a (ba-
pological ) space by assigning to each entity
a system of neiphborhoods. In the present
case, there are two kinde of entities: s

nces and shapes, which are relatsd by o
trmo-d‘mamlc E?dlng_ pm-c-bdur\e. The st
of ble sequences (of ficed lenpth) is
natﬁﬂr or;?-.lmd Into @ space bz-bcauu
point mummtions irduce a caronial negh-
barhood. The neighborhood of a sequence
consists of all its cne-error mumnts. The
pmHem is how to organle the =t of (=
sble shapes into o space. The isue arises
because, in contrast to sequences, there are
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Randomly chosen
initial structure >

Phenylalanyl-tRNA
as target structure
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Cost function
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Genotype space
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A sketch of optimization on neutral networks
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The compatible set € of a structure S, consists of all sequences which form
S, as its minimum free energy structure (the neutral network G, ) or one of its
suboptimal structures.



Structure Sy

Structure Sq

Intersection of two compatible sets: -

The intersection of two compatible sets is always non empty: C, N C, ¢ J
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GENERIC PROPERTIES OF COMBINATORY
MAPS: NEUTRAL NETWORKS OF RNA
SECONDARY STRUCTURES!

B CHRISTIAN REIDYS*,, PETER F. STADLER*,}
and PETER SCHUSTER*,,8§,>
*Santa Fe Institute,
Santa Fe, NM 87501, U.S.A.

f¥Los Alamos National Laboratory,
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Random graph theory is used to model and analyse the relationships between sequences and
secondary structures of RNA molecules, which are understood as mappings from sequence
space into shape space. These maps are non-invertible since there are always many orders of
magnitude more sequences than structures. Sequences folding into identical structures form
neutral networks. A neutral network is embedded in the set of sequences that are compatible
with the given structure. Networks are modeled as graphs and constructed by random choice
of vertices from the space of compatible sequences. The theory characterizes neutral
networks by the mean fraction of neutral neighbors (A). The networks are connected and
percolate sequence space if the fraction of neutral nearest neighbors exceeds a threshold
value (A > A*). Below threshold (A < A*), the networks are partitioned into a largest “giant”
component and several smaller components. Structures are classified as “common” or
“rare” according to the sizes of their pre-images, i.e. according to the fractions of sequences
folding into them. The neutral networks of any pair of two different common structures
almost touch each other, and, as expressed by the conjecture of shape space covering
sequences folding into almost all common structures, can be found in a small ball of an
arbitrary location in sequence space. The results from random graph theory are compared to
data obtained by folding large samples of RNA sequences. Differences are explained in
terms of specific features of RNA molecular structures. © 1997 Society for Mathematical
Biology

THEOREM 5. INTERSECTION-THEOREM. Let s and s' be arbitrary secondary
structures and C[s). C[s'] their corresponding compatible sequences. Then,

Cls]InC[s'] # 2.

Proof. Suppose that the alphabet admits only the complementary base pair [XY] and we
ask for a sequence x compatible to both s and s'. Then j(s,s') = D,, operates on the set of
all positions {x,,...,x,}. Since we have the operation of a dihedral group, the orbits are
either cycles or chains and the cycles have even order. A constraint for the sequence
compatible to both structures appears only in the cycles where the choice of bases is not
independent. It remains to be shown that there is a valid choice of bases for each cycle,
which is obvious since these have even order. Therefore, it suffices to choose an alternating
sequence of the pairing partners X and Y. Thus, there are at least two different choices for
the first base in the orbit. |

Remark. A generalization of the statement of theorem 5 to three differ-
ent structures is false.

Reference for the definition of the intersection
and the proof of the intersection theorem
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One Sequence, Two Ribozymes:
Implications for the Emergence
of New Ribozyme Folds

Erik A. Schultes and David P. Bartel*

We describe a single RMA sequence that can assume either of two ribozyme
folds and catalyze the two respective reactions. The two ribozyme folds share
no evolutionary history and are completely different, with no base pairs (and
prabably no hydrogen bonds) in common. Minor variants of this sequence are
highly active for one or the other reaction, and can be accessed from prototype
ribozymes through a series of neutral mutations. Thus, in the course of evo-
lution, new RNA folds could arise from preexisting folds, without the need to
carry inactive intermediate sequences, This raises the possibility that biological
RMAs having no structural or functional similarity might share a common
ancestry. Furthermore, functional and structural divergence might, in some
cases, precede rather than follow gene duplication.

Related protein or RNA sequences with the
same folded conformation can often perform
very different biochemical functions, indi

ate isolates have the same fold and function, it
is lhnught that l.hey descended from a common
gh a series of mutational variants

that new biochemical functions can arise ﬁ'om
preexisting folds. But what evolutionary mech-
anisms give rise to sequences with new macro-
molecular folds? When considering the origin
of new folds, it is useful to picture, among all
sequence possibilities, the distribution of se-
quences with a particular fold and function.

that were eech functional. Hence, sequence het-
erogeneity among divergent isolates implies the
existence of paths through sequence space that
have allowed neutral drift from the ancestral
sequence to each isolate. The set of all possible
neutral paths composes a “neutral network,”
connecting in sequence space those widely dis-
persed seq sharing a particular fold and

This distribution can range very far in seq
space (1), For example, only seven nucleotides
are strictly conserved among the group I self-

activity, such that any sequence on the network
can potentially access very distant sequences by
neutral ions (3-5).

splicing introns, yet secondary (and p ly
tertiary) structure within the core of the ri-
bozyme is preserved (2). Because these dispar-
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Theoretical analyses using algorithms for
predicting RNA secondary structure have
suggested that different neutral networks are
interwoven and can approach each other very
closely (3, 5-&). Of particular interest is
whether ribozyme neutral networks approach
each other so closely that they intersect, If so,
a single sequence would be capable of fold-
ing into two different conformations, would
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have two different catalytic activities, and
could access by neutral drift every sequence
on both networks. With intersecting net-
works, RNAs with novel structures and ac-
tivities could arise from previously existing
rlhozymcs, without the need to carry non-

as lutionary inter-
mediates. l-icre, we explore the proximity of
neutral networks experimentally, at the level
of RNA function. We describe a close appo-
sition of the neutral networks for the hepatitis
delta virus (HDV) self-cleaving ribozyme
and the class III self-ligating ribozyme.

In choosing the two ribozymes for this in-
vestigation, an important criterion was that they
share no evolutionary history that might con-
found the evolutionary interpretations of our
results. Chuosmg at least one artificial -
b dependent evolutionary his-
tories. The class 111 hgasc is a synthetic ri-
bozyme isolated previously from a pool of ran-
dom RNA sequences (9). It joins an oligonu-
cleotide substrate to its 5' terminus. The
prototype ligase sequence (Fig. 1A) is a short-
ened version of the most active class 11l variant
isolated after 10 cycles of in vitro selection and

lution. This minimal retains the
activity of the full-length isolate (10). The HDV
ribozyme carries out the site-specific self-cleav-
age reactions needed during the life cycle of
HDV, a satellite virus of hepatitis B with a
circular, single-stranded RNA genome (17).
The prototype HDV construct for our study
(Fig. 1B) is a shortened version of the antige-
nomic HDV ribozyme (/2), which undergoes
self-cleavage at a rate similar to that reported
for other antigenomic constructs (13, 14).

The prototype class III and HDV ribozymes
have no more than the 25% sequence identity
expected by chance and no fortuitous strue-
tural similarities that might favor an intersec-
tion of their two neutral networks. Neverthe-
less, seq; can be designed that simul
neously satisfy the base-pairing requirements
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Two ribozymes of chain lengths n = 88 nucleotides: An artificial ligase (A) and a natural cleavage
ribozyme of hepatitis-0-virus (B)
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The sequence at the intersection:

HDV fold

Ligase fold

An RNA molecules which is 88

nucleotides long and can form both

structures
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