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What is neutrality ?

Selective neutrality =
= several genotypes having the same fitness.

Structural neutrality =
= several genotypes forming molecules with
the same structure,
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This preservation of favourable individual differences
and variations, and the destruction of those which are injurious,
I have called Natural Selection, or the Survival of the Fittest.
Variations neither useful nor injurious would not be affected by
natural selection, and would be left either a fluctuating element,
as perhaps we see in certain polymorphic species, or would
ultimately become fixed, owing to the nature of the organism
and the nature of the conditions.

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

population size.

Fixation of mutants in neutral evolution (Motoo Kimura, 1955)
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Neutral evolution as a linear
birth-and-death process
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Neutral evolution as a linear
birth-and-death process
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Neutral evolution as a linear
birth-and-death process
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Neutral evolution as a linear birth-and-death process
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The distribution of sequential extinction times, < T, >, for n = 20
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Linear birth and death processes are used to derive simple expressions for sequential
extinction times and gene fixation probabilities in asexual populations.



Origins of neutrality

RNA replication and quasispecies
Selection on realistic landscapes
Consequences of neutrality

Evolutionary optimization /n silico



1. Origins of neutrality



Redundancy of the
genetic code as a
source of neutrality

First Position

Second Position

o

/
gly glu ala val
gly glu ala val PQ
gly asp ala val
gly asp ala val
7
arg lys thr met @
arg lys thr ile P\
ser asn thr ile
ser asn thr ile
7
arg aln pro leu G . §>
arg gln pro leu P /Q(\
arg his pro leu
arg his pro leu
,J
trp term ser leu
term term ser leu P&
Ccys tyr ser phe
cys tyr ser phe

The Genetic Code



5'-end
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5-end GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA 3-end
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5'-End 3-End
Seq uence GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA N
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5-End 3-End

__________________________________ LG—C—A

_C—G_'
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_________________________ _U —A_

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
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Structure space
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Sequence space

one phenotype

—

many genotypes



GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule of
chain length n=50 in sequence and shape space



GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule of
chain length n=50 in sequence and shape space



GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule of
chain length n=50 in sequence and shape space
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GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGUCCCAGGCAUUGGACG GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG

GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCACUGGACG

One error neighborhood — Surrounding of an RNA molecule of
chain length n=50 in sequence and shape space



GGCUAUCGUAUGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUAGACG
GGCUAUCGUACGUUUACUCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGCUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCCAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUGUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAACGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCUGGCAUUGGACG
GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCACUGGACG
GGCUAUCGUACGUUUACCCAAAAGUCUACGUUGGUCCCAGGCAUUGGACG
GGCUAGCGUACGUUUACCCAAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUUUACCCGAAAGUCUACGUUGGACCCAGGCAUUGGACG
GGCUAUCGUACGUUUACCCAAAAGCCUACGUUGGACCCAGGCAUUGGACG

One error neighborhood — Surrounding of an RNA molecule of
chain length n=50 in sequence and shape space



Number Mean Value Variance

Degree of Neutrality: 50125 0.334167 0.006961

Number of Structures: 1000 52.31 85.30
1 (CCCC-CCCC-- - - - - D)) D D)) ED) ) FD ) R 50125
2 (- -G - - - - D)D) D DD D I D ) J 2856
3 (((((((((( (e D)D) D)D) D)D) ) XD ) Fi I 2799
S (((EERET D)) B9 ) ) ) 19D ) IS ) FIS sy 2417
S (CCCC-CCCC- - - - - )DDD 25D ) ) 1) ) FD ) JErINNp—_— 2265
6 (CCCC-CCCCC-CCC------ DD ED)DD)) D)) XD ) F I 2233
7 (CCCC--CCC--CCCam - - - D)D) D)) D) ) ) ) JEFINIRNpIp— 1442
8 (CCCC-CCCC--CCmnmamans )DEED) D) EDD ) IS ) IS 1081
9 (CC(C--CCCC--CCC-n---- D)D) NS D)) IS ) D ) F - 1025
10 CCCCC-CCCC-- - - - )DD D)D) D IS D)) ) Fr 1003
11 . (CCC-CCCC-- - - - - - D)D) D)D) IS D ) ) F 963
12 (CCCC-CCC- - - CCC- - - - - D)D) EEEDD D IS ) ) D ) I 860
13 (CCCC-CCCC--CCC-- - - - )DD D)D) IS D IS ) ) FI 800
14 CCCCC-CCCC---CCamm - - D)D) D 1) ) D ) ISP 548
N (AT D)D) D D) ) FD ) JEFISINpp 362
16 ((C-(C-CCCC--CCC-- - - - D)D) D)) D I ) i) ) IEFNINpI 337
17 (- CCC-CCCC-- - - - - D)D) D)) D IS ) ) D ISP 241
18 ((CCC- - - )33033)) ) 15D ) XD ) Fi I y—— 231
19 (CCC--CCCC-- - - - D)D) EED D)) IS ) ) ) Iy 225
20 (C----CCCC--CCCammm - - )))-D)))-- - ) ) L 202

Shadow — Surrounding of an RNA structure in shape space:
AUGC alphabet, chain length n=50

eNeoNoNoNoNoNoNoNoNoNoNolNoNoNoNoloNoNoNe

Std.Dev.

0.083434
9.24

.334167
-019040
.018660
.016113
.015100
-014887
-009613
.007207
.006833
.006687
-006420
-.005733
-005333
.003653
.002413
.002247
.001607
-001540
-001500
.001347




2. RNA replication and quasispecies



Plus strand ey =—y—yy—————————- - === e == ——@
AUGGUACAUCAUGA cuu
Template induced synthesis
Plus strand sy=—r—pp—p—————————- == =~ — @
AUGGUACAUCAUGA CUUG
, UACC AU
Minus strand @-t=—te—te—t——— G
Template induced synthesis
Pl I T —————————— e —r——10
. AUBEUACAUCAUGA CUUG

UACCAUGUAGUACU

Minus strand @+
Complex dissociation lT

GAAC

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

, UACCAUGUAGUACWU
Minus strand @ t——tm——t—te—t e

'I'I'I'l.
CUUG

GAAC

Complementary replication is
the simplest copying mechanism
of RNA.

Complementarity is determined
by Watson-Crick base pairs:

G=C and A=U



@& + 1 > 1) + 1
@A) + (1 /) > 1) + (1,
dx, dx
—1=f x, and —2=f X
dt 2 2 dt 1

X =+ 6 &, X% =41 &, =&+, n=&-&, f=4ff,

nt)y=n(0)e"

gt)=¢(0)e"

Complementary replication as the simplest molecular mechanism of reproduction
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Kinetics of RNA replication

C.K. Biebricher, M. Eigen, W.C. Gardiner, Jr.
Biochemistry 22:2544-2559, 1983

Concentration of RNA c(t)

s’ .
iEs's? K02 by
. ok Masz 2IEP, s
g IES! 052 PP "a?\(
K 4s53; .
o JIEP;s°
pp-)
PP—N
ks HIEP,
: + kDS,r )
Kas
: k3-§ .'} .
: - AIEP S
\_/ kor)
. -kFP;
JEP,
. - i+
JEP Kasn 5

exponentiell linear

|
|
|
i k't
|
I

saturation or
product inibition

l-e-¥t

R WS VS —

Time t

v



Plus strand

T r l ™

AUGGUAUA

T l

UG

CA
Template induced synthesml

Plus streind A —
us stran UAUAUCAUGA
AU

Minus strand @ttt A
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Template induced synthesis
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Minus strand @+

Complex dissociation lT
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Template induced synthesis

Plus strand = —re—p—p———rrr—r—r
AUGGUAUAUCAUGA CuUua
I EEEEEEEEEEEHNTE EEEE
UACCAUGUAGUAGY GAAC

Minus strand @

Complex dissociation lT

Plus strand =-——+—Tr-—Tm=—TV-—"T"—T"C"f—TT—T—T
AUGGUAUAUCAUGA

, U
Minus strand @+

Plus strand sr—re—r———
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Replication and mutation are parallel chemical reactions.



DIE NATURWISSENSCHAFTEN

58 Jalrgang, 1071 Het 10 Oltober
Selforganization of Matter
and the Evolution of Biological M lecul
Maxvrer Enex=
Max-| ma.(mum tiir Bophysikaliche Chemin,
Fri -Institu, Gottingen. N
 re— e ST Safmsaisatiss sia Croite C Frater
L cau-nm 'El'lan ....... 6 VL umwnu.-ncml.-wr. e
1E Sallcrgasisati DA wa Ling | peiea (Thesry
Lae Eivdmtiae Hos Biars o Barsborn Bvoats. 367 W21, Catalyti: Neeworbs . . .
Vi Instrecton Bequeos lalormabos . . L AL ¥ax n.:.mq-m-um.w arian
T3 Lubatian o T V33 Competition betwoea Ditiresn. Cyen:
son
L4, Seleaion, Dicire vtk !r-ul Sabutaace v, o
der Spocia] Cotelithats T B Selfodming by Evoaind Colyniz Fawctive . . . . . 505
4, Phmamiegical Thoury of Sdotizs. 4T3 WLe  The Hesrement of Cooper i beteem Nacks:
IL1 The Concegt I ceam Ackda e Pratales . . - . . 0k
mz l'bmmh:w;\lsqunw. TUUTIIIAT Via A Seliepeeueing ByperCyes | | 505
H3  Selection Semine .. - . Ll lam Widy TheModel L .. .. s
HE  Biketion Equli anin VI3 Thewetles Trativens - 508
s gy et oot B 480 VL3 c b drgn el S s
[T i ol Selesibon L a8

1. Suchasls dppereh e Suiodipn - - - e
Uﬂ]mn]lhﬂlumnﬂl’rl.(u!ﬂull b
Fluctus  Eq :::

.

Duah + . o0 e or s

TVl siagls Pair Formation

1V32) Comperative Tntersion
Frivmacsctale

IV.2.3. Tonchimiars aboss Reongsl

I Imtroduction

L. Conne awd Effect™

Thes question about the origin of life often appears 21 2
question amse and effect ', = 3
maeruscopie processes pally involve anawers o mch
quustions, sven If nmu.mﬂl mmpmanmu;unlo
the relatios between

mainly due 1o the nllum ur this qnmnm ﬂm mr
scientists believe that oor yics does not
uﬂnmrvhuvw«ﬂuwwhm-ww-wurm.
* Farily peeseinied as the *Fudlbing Leciures'” a8 Poaes
Collage, {xlinrosa, in spring 1570

138 Mamrmsbann 71

VI, Bocltivn Fapiiments ., -
. s Spatvm

VILZ Darwisian vel-uunnﬂu'!-ut‘hlu

VILL gmanciiative Selceion Siod

VL Bt Erpesmts

VAL Conctusive . .

Frmcnt Camiepts af Physica

T, Drwhache Enremenfassesy o o 000w 00 S0
Arknswldgements . . Lo ..o e L B
Lesatars L . 52

which even in mmgkn forms always

mdi—amo-demumamdvh old
geoblem. The term “first” &= w=wally meant to
mislnﬂlnﬂverﬂanlbemml relationship, and

PR
o, wihan s £ e interplay of
rosclnic aris aml protuiin s pressntly mcatd in
thi Eving cell, lescdds ad absardum, becaise " lenetion

1971

The Hypercycle

A Principle of Natural Sclf-Organization
Part A: Emergence of the Hypercycle

Manfred Figen
Max. Planck- Instiut fur bophyskalsche Chemae, 1 3400 G

npea

A- 105D Wien

Provra o Farr € Ihe Beansis Nupers)oie

el o & iy
% ard the
it the Lolboe g Beatares

Frevane se Pase 0 The Ademart fapes s i

srmibyun " " L The Parsdigm of Umity and Disersity i Evobation
towy. A

Why do millions of specics. plants and snimabs. exit,

© by Speinge Verlag 1977 s

1977

Conrrehs © 1088 U o At Covans Sty 1of o 5 vl o i soppeght owner.
Molecular Quask-Species’

Manfred Figen,* John McCaskill,

Max Planck fnstiras fir biophysikalische Chentie, Am Fassherg. D 1400 Gattingen-Nikodausherg, BRD

and Peter Schaster*

Tustivu fir shoorerische Chemis wnd Straklenchomic, der Universinds Wien, Watkringer Strarse 17,
A= 1090 Wien, Austria (Received: fune 9, [988)

with combesatorial complesity by cagoing lemplate tio e
molecules. T

- L o

alibe
thes forms 8 molccular cvoluten.
= r i
reierase hich i thows fa g ihe propertics. The present
it eusentially quences and 1 localired

i e rprar) 0
In the presence of nearty newtral murat. En-q-h:—h_-uuq-'-—-n—c
- s
and from sadies of natural vires populstioss support n—m-e--au

H“I. d’mmﬂlﬂhﬁ- In addition, the realts are relevant evem in cucaryotes whers
the cxon=intron debate.

1. Molecular Selection
hwdw I‘m'ﬂrihl”

error therabold seema £ set 2 limat 1o
ey

Whille none of the classic and rather besieged list of properties

rounded up 1o suppont the stuition of & distinction between Uhe
biving rritability,

crample

aba it insight
of the sch i the role of chase in the process. For an usderstanding of

ity basedon 10 recall the conceptual basis of Durwin's theory.

-
even very small numben of different bases, cven just twa, readily
provides numbers of different entithes 5o enormous (hat aeitser
comecutive nor parallel physical realization i possibie. The

of fie
hmmmmmumd

-—u;i-,--.ﬂh- niq.l- mm—m,ﬁpdy—h from one
I-l--nhih fate of the emtire system. h-n.q—nn. cheminas

the past,
- - = geastype (DNA): the of 3 miniswm replication
b e ™ Maty  Fenp deptierer  hupe member of variants,
of these regularities. = ¥ " The i ] model based om

e v A e e i

T

O022-36:54/48 092-6E81501.50/0 € 1983 Aserican Chemical Saciety

1988
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j1 X3 +

Wj2
(A) + Xj > X_] +
XN v

Chemical kinetics of replication and mutation as parallel reactions
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Chemical kinetics of replication and mutation as parallel reactions
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Chemical kinetics of replication and mutation as parallel reactions



Decomposition of matrix W

Wy Wy ... Wi
Wwo1 UWaoo ... Waop

Wo— ' | | _ = Q- F with

Wn1 Wp2 ... Wpp

Q11 Qi ... Qi f1 0 ... 0
Q. Qoo ... Qs 0 fy ... 0
Q= |7 T 0 Tlaar=1|_ "7
(Q nl C? n2 --- (LQ nn 0 {) s f -rz

Factorization of the value matrix W separates mutation and fitness effects.



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

dXi n . n
E:ZjﬂQij fJ' XJ_Xi¢’ 1=1,2,---,n; ZMX'_I ¢ = 211 j J:

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

At .
X(t) Zk _o ik’ eXp( k) - i=12,---.n; Ck(O)Z izlhki Xi(O)

YD e,k ck( 0)- exp(At)’

W +1{£,Q; 0, j=1,2,---.n}; L=1{¢,; 0, j=1,2,-,nf; L' =H=1h; i, j=1,2,---,n

L'W-L = A = {4;k=0,1,--,n—1}
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Accuracy limit of replication

The error threshold in replication

Driving virus populations through threshold



ELSEVIER

Avallable online at wwwesclencedirect.com
SBCTIENCE @ oimECT*

Wiras Ressarch 107 (2005) 113-116
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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
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3. Selection on realistic landscapes
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A fitness landscape showing an error threshold:

The single-peak landscape



Uniform error rate model:

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

di(X;, X;) ... Hamming distance
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SELF-REPLICATION WITH ERRORS
A MODEL FOR POLYNUCLEOTIDE REPLICATION **

Jorg SWETINA and Peter SCHUSTER *

Institut fur Theoretische Chemie und Strahlenchemie der Universitai, Wahringersiralle 17, A-1090 Wien, Ausiria
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Error thresholds for molecular quasispecies as phase transitions:
From simple landscapes to spin-glass models

P. Tarazona
Institut fiir Theoretische Chemie der Universitdt Wien, A-1090 Wien, Austria
and Departamento de Fisica de la Materia Condensada, Universidad Autonoma de Madrid, E-28049,
Madrid, Spain*
(Received 19 June 1991)

The correspondence between Eigen's model [Naturwissenschaften 58, 465 (1971)] for molecular
quasispecies and the equilibrium properties of a lattice system proposed by Leuthdusser [J. Chem. Phys.
84, 1884 (1986); J. Stat. Phys. 48, 343 (1987)] is used to characterize the error thresholds for the existence
of quasispecies as phase transitions. For simple replication landscapes the error threshold is related to a
first-order phase transition smoothed by the complete wetting of the time surface. Replication
landscapes based on the Hopfield Hamiltonian for neural networks allow for the tuning of the landscape
complexity and reveal the existence of two error thresholds, bracketing a region of spin-glass
quasispecies between the simple quasispecies and the fully disordered mixture of sequences.

PACS number(s): 87.10.+e, 64.60.Cn, 05.50.+q

PHYSICAL REVIEW LETTERS week ending

VOLUME 91, NUMBER 13 26 SEPTEMBER 2003

Equilibrium Distribution of Mutators in the Single Fitness Peak Model

E - \ -
Emmanuel Tannenbaum,™ Eric J. Deeds, and Eugene I. Shakhnovich

Harvard University, Cambridge, Massachuseits 02138, USA
{Received 25 April 2003; published 26 September 2003)

This Letter develops an analytically tractable model for determining the equilibrium distribution of
mismatch repair deficient strains in unicellular populations. The approach is based on the single fitness
peak model, which has been used in Eigen's quasispecies equations in order to understand various
aspects of evolutionary dynamics. As with the quasispecies model, our model for mutator-nonmutator
equilibrium undergoes a phase transition in the limit of infinite sequence length. This “‘repair catas-
trophe™ occurs at a critical repair error probability of €, = L;, /L. where L., denotes the length of the
genome controlling viability, while L denotes the overall length of the genome. The repair catastrophe
therefore occurs when the repair error probability exceeds the fraction of deleterious mutations. Our
model also gives a quantitative estimate for the equilibrium fraction of mutators in Escherichia coli.

DOI: 10.1103/PhysRevLett.91.138105 PACS numbers: 87.23.Kg, 64.60-i, 87.16.Ac
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Features of realistic landscapes:

1. Variation in fitness values
2. Deviations from uniform error rates

3. Neutrality



Features of realistic landscapes:

1. Variation in fithess values



Fitness landscapes showing error thresholds
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Fitness values f(Iy)

012345678 9101112131415 1023
Sequences

01234567 8 9101112131415 1023
Sequences



Relative concentration x(p)

0.05

0.04

0.03

0.02

0.01

N

N

——

0.02

0.04

0.06 0.08 0.1
——Errorrate p—>

Error threshold: Individual sequences

n=10,0=2andd=0, 1.0, 1.85

Relative concentration x(p)

Relative concentration x(p)

0.05

0.04

0.03

0.02

0.01

0.06
0.05
0.04
0.03
0.02

0.01

0. 0.02 0.04 0.06 0.08 0.1
——Errorrate p—>

0 002 004 0068 008 0.1
—Errorrate p—>



Features of realistic landscapes:

2. Deviations from uniform error rates
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4. Consequences of neutrality
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A fitness landscape including neutrality
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Fig. 3.1. Behavior of mutant genes following their appearance in a
finite population. Courses of change in the frequencies of mutants
destined to fixation are depicted by thick paths. N, stands for the
effective population size and v is the mutation rate.
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Is the Kimura scenario correct for frequent mutations?



Bulletin of Mathematical Biology Vol. 50, No. 6, pp. 635-660, 1988, 00Y2-8240/B8%3.00 4 0.00
Printed in Great Britain. Pergamon Press plc
Society for Mathematical Biology

STATIONARY MUTANT DISTRIBUTIONS AND
EVOLUTIONARY OPTIMIZATION

M PETER SCHUSTER and JORG SWETINA
Institut fur theoretische Chemie
und Strahlenchemie der Universitat Wien,
Wihringerstralle 17,
A 1090 Wien,
Austria

Molecular evolution is modelled by erroneous replication of binary sequences. We show how the
selection of two species of equal or almost equal selective value is influenced by its nearest
neighbours in sequence space. In the case of perfect neutrality and sufficiently small error rates
we find that the Hamming distance between the species determines selection. As the error rate
increases the fitness parameters of neighbouring species become more and more important. In
the case of almost neutral sequences we observe a critical replication accuracy at which a drastic
change 1n the “quasispecies”, in the stationary mutant distribution occurs. Thus, in frequently
mutating populations fitness turns out to be an ensemble property rather than an attribute of the
individual.

In addition we investigate the time dependence of the mean excess production as a function of
initial conditions. Although it is optimized under most conditions, cases can be found which are
characterized by decrease or non-monotonous change in mean excess productions.
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....... ACAUGCGAA --:---
....... AUAUACGAA -------
....... ACAUGCGCA -------
....... GCAUACGAA -
....... ACAUGCURAA ------
....... ACAUGCGAG -
....... ACACGCGAA -------
....... ACGUACGAA --:---
....... ACAUAGGAA -
....... ACAUACGAA -

Consensus sequence of a quasispecies of two strongly coupled sequences of
Hamming distance dy(X; . X;) = 1.
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------- ACAUGAUUCCCCGAA -+++++*
------- AUAUAAUACCUCGAA -+++++*
------- ACAUAAUUCCCCGCA «+++++
------- GCAUAAUUUCUCGAA +++++-
------- ACAUGAUUCCCCUAA «++++*
------- ACAUAAGUCCCCGAG +++++*
------- ACACGAUUCCCCGAA «++++*
------- ACGUAAUUCCUCGAA «++++*
------- ACAUGCUUCCUAGAA -++++*
------- ACAUAAUUCCCCGAA «++++*
------- AUAUAAUUCUCGGAA «+++++*
------- ACAAAAUGCCCCGUA -+++++

C

UCGAA .......

------- ACAU-AUUCC

Consensus sequence of a quasispecies of two strongly coupled sequences of
Hamming distance dy(X; ,X;) = 2.
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Neutral networks with increasing A: A =0.10, s =229
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Neutral network

A =0.10, s =229

Perturbation matrix W

(f 02 0 0 0 0\

0O f 0 0 00

e f = 0 00
W= 100 ¢ f = 0 0

00 0 ¢ f & ¢

0000 = f 0

\0 00 0 = 0 f)

Eigenvalues of W

}"D = f+2€

A = f—I— 2

Agza = [,

As = f — V2e

)\5 = f—zE

Largest eigenvector of W

& = (0.1,0.1,0.2,0.2,0.2,0.1,0.1) .

Neutral networks with increasing A: A =0.10, s = 229
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5. Evolutionary optimization /in silico



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



Structure of
randomly chosen Phenylalanyl-tRNA as

initial sequence target structure
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Reaction Mixture ——

Replication rate constant
(Fitness):
f,=7/[o+ Adg ®]
Adg 9= dy(S,.8,)

Selection pressure:
The population size,
N = # RNA moleucles,

is determined by the flux:

N(t)~ N + /N

Mutation rate:

p =0.001 / Nucleotide x Replication

The flow reactor as a device for
studying the evolution of molecules
in vitro and in silico.
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Smoothness within ruggedness: The role of neutrality

in adaptation
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ABSTRACT EMNA secondary structore folding algorithms
predict the existence of connected networks of RNA sequences
with identical structore. On such networks, evolving popula-
tinns split into subpopolations, which diffuse independe
sequence space. This demands a distinetion between two
mutation thresholds: one at which genotypic information is
lost amd ome at which phenotypic information is lost. In
between, diffosion enables the search of vast areas in genotype
space while still preserving the dominant phenotype. By this
dynamic the success of phenotypic adaptation becomes muoch
less sensitive to the initial conditions in genotype space.

To explain the high fixation rate of nucleotide substitutions in
a population, Kimura (1) argued that the vast majority of
genetic change at the level of a population must be neutral
rather than adaptive. Sewall Wright's reaction to Kimura's
point was politely neutral (ref. 2, p. 474): “Changes in wholly
nonfunctional parts of the molecule would be the most fre-
quent ones but would be unimportant, unless they occasionally
give a basis for later changes which improve function in the
species in question which wonld then become established by
selection.”” Today, in view of the data generated by compar-
ative sequence analysis, the surprise i= no longer ower the
existence of neurrality but over how little conservation there
is at the sequence level (3-6). This makes Wright's point even
more pertinent. How are we to imagine the relation between
neutral evolution and adaptation? An answer to this question
requires a model of the relationship berween genotype and
phenotype. Such a model is available for RMNA secondary
structure. The latter can be computed from the sequence by
means of procedures based on thermodynamic data which
have become standard in the past 15 years (7, 8). Secondary
structure covers the major share of the free energy of tertiary
structure formation and is frequently used to interpret BNA
function and evolutionary data. As such, the case is a quali-
tatively important one.

Robust Properties of RNA Folding

The mapping from sequences to secondary structures is many
to one for two reasons: (i) there are many more sequences than
secondary structures, and (if) some structures are realized
much more frequently than others (9). Call two sequences
connected if they differ by one or at most two point mutations,
A neutral network, then, is a set of sequences with identical
structure =0 that each sequence is comnnected to at least one
other sequence. The crucial point for our discussion comes
from a recent study of the standard secondary structure
prediction algorithm (%), which showed that such networks
exist and that for frequent structures these networks percolate
through sequence space. For example, staming at a sequence
that falds into a tRMA structure, it is possible to traverse

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “gab eriiseranst™ in
accordance with 18 UL5.C. §1734 solely to indicare this fact.
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felder, Loz Alzmas National Labongtary, Loz dlamos, NM, September 20, 1995 (received for veview Jue 28, 1095)

sequence space along a connected path, thus changing every
nuclectide position withoot ever changing the structure. More-
over, due to the high-dimensionality of sequence space, net-
works of frequent structures penetrate each other sothat each
frequent structure is almost always realized within a =mall
distance of any random sequence. These features seem to be
intrinsic to RMA folding, since they are insensitive to whether
the folding algorithm is thermodynamic, kinetic, or maximum
matching (E. Bornberg-Bauver, M. Tacker, and P. Schuster,
personal communication) or whether one considers one min-
imum free energy structure or the entire Boltzmann ensemble
(10,

A Simple Model for Test Tube Evolution

To assess the consequences of these properties for molecular
evolution, we study a model in which the replication rate
(fitness) of an RMA sequence depends om its secondary
structure. Our folding procedurelis a speed-tuned implemen-
tation of the Zuker—Stiegler algorithm (8). The model consists
af a population of BMA sequences of fived length », which
replicate and mutate in a stirred flow reactor. KMNA popula-
tions manageable in the computer or in the laboratory are tiny
compared to the size of the sequence space (4Y), and a correct
simulation muost, therefore, reson 0 stochastic chemical re-
action kinetics (11, 12). A selection pressure is induced by a
dilution flow, which adjusts over time to keep the total RNA
population flugtuating around a constant capacity & (11, 13).
This setup mimics Spicgelman’s serial transfer technique (14),
where sequences with a replication rate above (below) the
average increase (decrease) in concentration.

When a sequence undergoes a replication, each base is
copied with fidelity 1 — p The overall replicaticn rate of an
individual sequence is defined to be a function of the distance
{9, 30) between its secondary structure and a predefined target
structure. Here the target structure i the iIRNAP® cloverleaf,
but the structure of any randomly chosen sequence would do
as well. This corresponds 1o the artificial fn witre selection of a
structure with some desired function or affinity to a target
{14-21) A similar sitwation, though with proteins and not
BEMNA, cocurs in the affinity maturation of the immune re-
sponse (22). In both artificial and natural selection there are
two sources of neatrality: one is the sequence (genctype) o
structure (phenotype ) mapping, and the other is the structure
to replication rate (finess) mapping. It is the former source
that is central to this discussion. Matice, thus, that in the
present model the second source of nentrality arises cnly for
sequences whose structures differ from the target.

§To whom feprnt requests should be addressed ar Institut far Theo-
fetische Chemie, W!ihrin,gﬁ Strasse 17, A-1090 Vienna, Austria.

THofackes, 1. 1., Fontana, W, Stadler, P.F., and Schuster, P. RNA
folding package available by ancoymous fip from frpdi. univie.ac.at
in/pub/ENA.



Fig. 2. Population structure in sequence space. The support of a population in sequence space is the set of sequences present in at least one
copy. The population support can be pictured in two dimensions using some theorems from distance geometry (27). We compute the metric ma-
trix M with entries my = (d; + d% — d%)/2, where dj is the Hamming distance between sequences i and j and 0 is the center of mass of the support.
Sequences are expressed in principal axes coordinates by diagonalizing M. Only the components corresponding to the largest two eigenvalues are
kept, vielding a projection onto the plane that captures most of the variation. Dots represent a static snapshot of N' = 2000 individuals after 135
time units replicating with p = 0.002. Among the 2000 individuals, 631 are different and among them 301 fold into different structures. To help
correct for the distortions of the projection, the dots are connected by the edges of the minimum spanning tree. Edges connect closest points. Red
(blue), Hamming distance less {more) than 6; dot size large (small), more {less) than four copies in the population; yellow {green), sequences that
do (do not) fold into the tRNA target structure.



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



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



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



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



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



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



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



Spreading and evolution of a population on a neutral network : t= 855
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A sketch of optimization on neutral networks



Table 8. Statistics of the optimization trajectories. The table shows the results of sampled
evolutionary trajectories leading from a random initial structure, 57, to the structure of tRNAPPE
ST, as the target”. Simulations were performed with an algorithm introduced by Gillespie [55-57].
The time unit is here undefined. A mutation rate of p = 0.001 per site and replication were used.
The mean and standard deviation were calculated under the assumption of a log-normal distribution
that fits well the data of the simulations.

Alphabet Population Number of EFeal time from Number of replications
size, V runs, ng start to target [107]
Mean value a Mean value a
AUGC 1 000 120 900 +1380 —542 1.2 +3.1 —09
2000 120 530 +880 —330 1.4 +3.6 —1.0
3000 1199 400 +670 =250 1.6 +4.4—1.2
10000 120 190 +230 —100 2.3 +53—-16
30000 63 110 +97 —52 36 +6.7 =23
100 000 18 62 +50 —28 - -
GC 1 000 46 5160 +15700 —3890 - -
3000 278 1910 +5180 —1460 T4 +35.8 —6.1
10000 40 560 +1620 —420 - -
2 The structures §; and S; were used in the optimization:
Spr QG OOl nns (CC.od))eennt IDDDRDISDEDDDDID D IR i f (U 1))
Spr CCCCCC. . 0000 .o ana. )D DD I 4 4 § § CUAMP )R DD D IR Y G IDDDDIDDDDD I

Is the degree of neutrality in GC space much lower than in AUGC space ?

Statistics of RNA structure optimization: P. Schuster, Rep.Prog.Phys. 69:1419-1477, 2006



Number Mean Value Variance Std.Dev.

Degree of Neutrality: 50125 0.334167 0.006961 0.083434
Number of Structures: 1000 52.31 85.30 9.24

1 (- CCCC- - CCC-m v - - DDOEED)DDED)) ED ) 50125 0.334167

Number Mean Value Variance Std.Dev.

Degree of Neutrality: 4262 0.085240 0.001824 0.042708
Number of Structures: 1000 36.24 6.27 2.50

1 (- CCCC- - CCC-m v - - DDOEED)DDED)) ED ) 4262 0.085240

Shadow — Surrounding of an RNA structure in shape space — AUGC and GC alphabet
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