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Self-Consistent-Field Tight-Binding Treatment of Polymers.
I. Infinite Three-Dimensional Case

G. DEL RE AnD J. Lapig*
Gruppo Chimica Teorica del CNR, Via Celso 7, Rome and Istituto di Fisica T'eorica, Naples, Italy

AND

G. Brcz6
Central Research Institute for Chemistry of the Hungarian Academy of Sciences, Budapest, Hungary
(Received 5 August 1966)

A general self-consistent-field tight-binding linear-combination-of-atomic-orbitals (LCAO) formalism
is given for three-dimensional polymers containing many atoms in the elementary cell with all neighbors
interacting, taking overlap explicitly into account. This formalism, which corresponds essentially to the
formulation given by Roothaan for closed-shell molecules, has been developed with the aid of Hermitian
complex matrices. The special cases of nearest-neighbor approximation and of a linear chain are then
derived from the general expression obtained. Finally, formulas are given, again in complex-matrix formula-
tion, for the dependence of the energy levels and wave functions of the polymer on the wave number k.
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Semiempirical SCF-LCAO-MO Calculation of the Electronic Structure of the
Guanine—Cytosine Base Pair: Possible Interpretation of the Mutagenic Effect
of Radiation*

RoBerT REIN AND Janos Lapikf
Quantum Chemisiry Group for Research in Atomic, Molecular and Solid-State Theory, Uppsala University, Uppsala, Sweden
(Received 2 December 1963)

The r-electronic structure of the guanine-cytosine nucleotide base pair has been investigated in the
semiempirical SCF-LCAO-MO approximation.

An examination of the energy levels with respect to the single bases showed that the transition between
the highest filled and lowest unfilled = orbitals (#*—n*4-1) takes place between the levels originating
from two different single bases. This statement follows from considering the »#* and #*+1 levels of the
base pair as perturbed ones of the guanine, cytosine single bases, respectively. This view is substantiated
by the structure of the eigenvectors of the respective states. The transition between these states is associated
with a transfer of charge, which in the investigated case involves the transfer of a unit charge from guanine
to cytosine.

Since in the charge-transfer state the bases are essentially in an ionic form, a considerable increase in
the probability of a single-proton tunnelling, proposed by Léwdin, may be expected, The interpretation of
radiation-induced mutations in terms of the charge-transfer state and single-proton tunneling is further
discussed.
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Hydrogen Bonding in Long Chains of Hydrogen Fluoride
and Long Chains and Large Clusters of Water Molecules

X. LCAO-MO Studies on Molecular Structure

Alfred Karpfen* and Janos Ladik
Lehrstuhl filr Theoretische Chemie der Technischen Universitit Miinchen

Peter Russegger and Peter Schuster**
Institut fiir Theoretische Chemie der Universitit Wien

Sandor Suhai
Central Research Institute for Chemistry of the Hungarian Academy of Sciences, Budapest

Received November 27, 1973

Energy band structures of one-dimensional (HF),- and (H,0),-chains have been calculated (1)
by extrapolation of CNDO/2-MO levels to infinite chain length and (2) by the CNDO/2 crystal
orbital (CO) method. In the CO-calculations interactions up to fifth neighbours have been taken
into account. Both types of calculations were performed using experimental geometries and CNDQ;/2
minimum geometries of the corresponding dimers (HF), and (H,0),. With the same geometries
CO calculations on two-dimensional sheets of hydrogen bonded chains were performed too.

Due to end-effects the extrapolated MO bands are much broader than the bands obtained by the
CO method. In the CO calculations further neighbour interactions piay a non-negligible role and
hence the nearest neighbour approximation is not sufficient for an accurate description of crystals
containing hydrogen bonds.

MO calculations on one-dimensional chains of both systems show that the hydrogen bond energies
increase with the number of monomers indicating the presence of cooperative effects. The hydrogen
bond energies calculated with the CO method are usually somewhat larger than those extrapolated
from the MO results. In three-dimensional networks of (H,0),, however, the additional stabilization
of clusters with respect to dimers is drastically diminished.

Key words : (HF),~chains — (H,0),-chains — Hydrogen bond energies
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Calculation of the hole mobilities of the three homopolynucleotides, poly(guanilic acid).
poly(adenilic acid), and polythymidine in the presence of water and Na* ions

Attila Ben»de,]’2 Ferenc Boga’r,zﬁ Ferenc Bf:lezna),',?’4 and Janos Ladik™™
IDeparrmem of Molecular and Biomolecular Physics, National Institute for R and D of Isetopic and Molecular Technologies,
Str. Donath 65-103, C.P. 700, Cluj Napoca RO-400293, Romania
*Theoretical Chemistry and Laboratory of the National Foundation for Cancer Research,
Friedrich-Alexander-University-Erlangen-Niirnberg, Egerlandstrasse 3, D-91058, Erlangen, Germany
3Sr,qpmm4:::1«2(:,!,4:{(13' and Nanostructured Marerials Research Group of the Hungarian Academy of Sciences, University of Szeged,
Dém tér 8., 6720, Szeged, Hungary
*Research Institute Jor Technical Physics and Material Science, Hungarian Academy of Sciences, H-1121 Budapest, Konkoly-Thege
Miklos ur 29-33, Hungary
(Received 20 June 2008; published 29 December 2008)

Recent high resolution x-ray diffraction experiments have determined the structure of nucleosomes. In it 147
base pair long DNA B superhelix is wrapped around the eight nucleohistone proteins. They have found that
there are many hydrogen-bonds (H-bonds) between the negative sites phosphate (PO}) groups DNA, and first
of all there is the positively charged lysine and arginine side chains of the histones. This means that there is a
non-negligible charge transfer from DNA to the proteins causing a hole current in DNA and an electronic one
in the proteins. If the relative positions of the two macromolecules change due to some external disturbances,
the DNA moves away from the protein and can be read. If this happens simultaneously at several nucleosomes
and at many places in chromatin (built up from the nucleosomes), undesired genetic information becomes
readable. This final end can cause the occurrence of oncoproteins at an undesired time point which most
probably disturbs the self-regulation of a differentiated cell. The connection of these chain of events with the
initiation of cancer is obvious. To look into the details of these events we have used the detailed band structures
of the four homopolynucleotides in the presence of water and natrium (Na*) ions calculated previously with the
help of the ab initio Hartree-Fock crystal orbital method. We have found that in the case of three homopoly-
nucleotides the width of their valence band is broad enough (~10 times broader than the thermal energy at
300 K) for the application of the simple deformation potential approximation for transport calculations. With
the help of this we have determined the hole mobilities at 300 K and 180 K of poly(guanilic acid), poly(ad-
enilic acid), and polythimidine (polycytidine has a too narrow valence band for the application of the defor-
mation potential method). The obtained mobilities are large enough to allow Bloch-type conduction in these
systems. At the end of the paper we discuss briefly the possible mechanism of charge transport in aperiodic
DNA as a combination of Bloch-type conduction, hopping. and tunneling.

DOI: 10.1103/PhysRevE.78.061923 PACS number(s): 87.15.ag, 82.39.Jn, 87.10.Vg
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The electronic structure of the four nucleotide bases in DNA,
of their stacks, and of their homopolynucleotides in the absence
and presence of water

Janos Ladik,"® Attila Bende,'? and Ferenc Bogar'*

Chair for Theoretical Chemistry and Laboratory of the National Foundation for Cancer Research,
Friedrich-Alexander-University-Erlangen-Niimberg, Egerlandstr. 3, 91058 Erlangen, Germany
“National Institwte for Research and Development of Isotopic and Molecular Technologies,

.?‘Ir: Donath 71-103, C.P. 700, Cluj Napoca RO-400293, Romania
“Supramolecular and Nanostructured Materials Research Group of the Hungarian Academy of Sciences,
University of Szeged, Dom 1ér 8, 6720 Szeged, Hungary

(Received 30 July 2007; accepted 14 December 2007; published online 10 March 2008)

Using the ab initio Hartree-Fock crystal orbital method in its linear combination of atomic orbital
form, the energy band structure of the four homo-DNA-base stacks and those of poly(adenilic acid).
polythymidine, and polycytidine were calculated both in the absence and presence of their
surrounding water molecules. For these computations Clementi’s double ¢ basis set was applied. To
facilitate the interpretation of the results, the calculations were supplemented by the calculations of
the six narrow bands above the conduction band of poly(guanilic acid) with water. Further, the
sugar-phosphate chain as well as the water structures around poly(adenilic acid) and polythymidine,
respectively, were computed. Three important features have emerged from these calculations. (1)
The nonbase-type or water-type bands in the fundamental gap are all close to the corresponding
conduction bands. (2) The very broad conduction band (1.70 eV) of the guanine stack is split off to
seven narrow bands in the case of poly(guanilic acid) (both without and with water) showing that
in the energy range of the originally guanine-stack-type conduction band, states belonging to the
sugar, to PO,", to Na*, and to water mix with the guanine-type states. (3) It is apparent that at the
homopolynucleotides with water in three cases the valence bands are very similar (polycytidine.
because it has a very narrow valence band, does not fall into this category). We have supplemented
these calculations by the computation of correlation effects on the band structures of the base stacks
by solving the inverse Dyson equation in its diagonal approximation taken for the self-energy the
MP2 many body perturbation theory expression. In all cases the too large fundamental gap
decreased by 2-3 ¢V. In most cases the widths of the valence and conduction bands, respectively.
decreased (but not in all cases). This unusual behavior is most probably due to the rather large
complexity of the systems. From all this emerges the following picture for the charge transport in
DNA: There is a possibility in short segments of the DNA helix of a Bloch-type conduction of holes
through the nucleotide base stacks of DNA combined with hopping (and in a lesser degree with
tunneling). The motivation of this large scale computation was that recently in Ziirich (ETH) they
have performed high resolution x-ray diffraction experiments on the structure of the nucleosomes.
The 8 nucleohistones in them are wrapped around by a DNA superhelix of 147 base pairs in the
DNA B form. The most recent investigations have shown that between the DNA superhelix (mostly
from its PO,~ groups) there is a charge transfer to the positively charged side chains (first of all
arginines and lysines) of the histones at 120 sites of the superhelix. This would cause a hole
conduction in DNA and an electronic one in the proteins. © 2008 American Institute of Physics.
[DOL: 10.1063/1.2832860]
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James D. Watson, 1928-, and Francis H.C. Crick, 1916-2004
Nobel prize 1962

1953 — 2003 fifty years double helix

The three-dimensional structure of a
short double helical stack of B-DNA
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Fig. 4.2. Percentage amino acid differences when the o hemoglobin
chains are compared among eight vertebrates together with their
phylogenetic relationship and the times of divergence.
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FTAGTETATAACCCC> FraceCTATEACCCE>
ARG TEOTATAACCCE> FTAGTOTATAACTGE> FTAGGETATGACCGCG>
FAAGTECATAACCCC> FTAGTCTAAAALCTEC FTAGBETATGEACCEE> FTACGCTATEACCGG>
FAAGTECATAACCEE> FTAGTETAAAACTESG> HCAGTETAAAACTEE> FTIAGEE T AT GATIEGEY / \
FARET@CRATATEE6EC> FTAGTEITAGCARETEGEY HEAGTETAARAGTEE> FeACGECTATEACCAG FTACCECTATAACCEG>

N\

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

Reconstruction of phylogenies through comparison of molecular sequence data
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A model for the genome duplication in yeast 100 million years ago

Manolis Kellis, Bruce W. Birren, and Eric S. Lander. Proof and evolutionary analysis of ancient genome
duplication in the yeast Saccharomyces cerevisiae. Nature 428: 617-624, 2004
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Dynamic patterns of gene regulation I: Simple two-gene systems
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Abstract

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

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

@ 2007 Elsevier Ltd. All rights reserved.

K 5; Basal iption; Bif analysis; Coop

binding; Gene regulation; Hill coefficient; Hopf bifurcation

1. Introduction

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

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

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

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

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

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



RNA as transmitter of genetic information RNA as adapter molecule RNA is the catalytic subunit in
supramolecular complexes

DNA

RNA as catalyst

transcription

..AGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUC...
messenger-RNA

l translation

protein

RNA as working copy of genetic information

The ribosome is a ribozyme !
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The RNA world as a precursor of
the current DNA + protein biology RNA is modified by epigenetic control

RNA editing, alternative splicing

RNA as carrier of genetic information
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Gene regulation by
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RNA — The magic molecule



5'-End 3-End
Seq uence GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA N
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5-End 3-End
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_C—G_'
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Secondary structure

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

Criterion: Minimum free energy (mfe)

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

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



The notion of RNA (secondary) structure

1. Minimum free energy structure
2. Many sequences one structure
3. Suboptimal structures

4. Kinetic structures



The notion of RNA (secondary) structure

1. Minimum free energy structure



RNA sequence GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA

Biophysical chemistry:
thermodynamics and
kinetics
RNA folding:
Structural biology,
spectroscopy of
biomolecules,
Vienna RNA-Package understanding Empirical parameters
) molecular function
Version 1.8.3
http://www.tbi.univie.ac.at
RNA structure
of minimal free

energy

Sequence, structure, and design



Free energy [kcal/mole]

A
20 GGCCCCUUUGGGGGCCAGACCCCUAAAGGGGUC
15 -

‘r\l
"
-
10 -
-
-
st H
-
0 So

Minimum free energy structure
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Monatshefte fiir Chemie 125, 167188 (1994)
Monatshefte fiir Chemie

Chemical Monthly

D Springer-Verlag 1994
Printed in Austna

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, U S.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 ANA package. are presented, that are based on dynamic programming algorithms and aim al
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
Sﬂq uences are,

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



hairpin loop

hairpin
loop

hairpin loop

free end
hairpin loop
Elements of RNA |
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as used in free energy loop
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R.W. Hammond, R.A. Owens. Molecular Plant Pathology Laboratory, US Department of Agriculture

Plant damage by viroids
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359 nucleotides long

Nucleotide sequence and secondary structure
of the potato spindle tuber viroid RNA

H.J.Gross, H. Domdey, C. Lossow, P Jank,
M. Raba, H. Alberty, and H.L. Singer.
Nature 273:203-208 (1978)



=03
—

(@]
C

“¢

occoOCHEPRE>CO>>
OOXrrrOOOO>rPOCCOOCCO

(@]

=
o!c

cCCcCOO
(9]

(@]
CC'dbG)O

50 nm

=0»
c®

".‘fnxxxﬂ"\_(l T N S ) VS N—" —" -

Vienna RNA Package 1.8.2 Biochemically supported structure

Adeni .
genins Nucleotide sequence and secondary structure
® uracil of the potato spindle tuber viroid RNA
O Guanine

H.J.Gross, H. Domdey, C. Lossow, P Jank,
Cytosine M. Raba, H. Alberty, and H.L. Siinger.
Nature 273:203-208 (1978)

w’hﬁ“. B e P “xwmummﬁ-‘&‘x %‘ﬂplnu-xuwumﬁjwmuwkflu 3

%S

P
Ty



The notion of RNA (secondary) structure

2. Many sequences one structure



RNA sequence GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA

Iterative determination
of a sequence for the

: Inverse folding of RNA:
given secondary
structure Biotechnology,
design of biomolecules
Inverse Folding with predefined
Algorithm structures and functions

Vienna RNA-Package
Version 1.8.3

RNA structure
of minimal free

energy
http://www.tbi.univie.ac.at

Sequence, structure, and design



Inverse folding algorithm

| I e I e e D T — ... =1

So— 5,25, = 5,—= 5,2 ..=>5 > 5., 2..=>5

Loy = WM(L) and Adg(S;,S,;)) = ds(Sii1,Sy) - dg(S,S) <0

M ... base or base pair mutation operator

ds (S;,S;) ... distance between the two structures S;and S,

,Unsuccessful trial® ... termination after n steps



Initial trial sequences

Stop sequence of an
unsuccessful trial

AN

Target sequence

Target structure S,

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



Minimum free energy

J.J'J'J

criterion
-y
A
" 2 / UUUAGCCAGCGCGAGUCGUGCGGACGGGGUUAUCUCUGUCGGGCUAGGGCGC
2 2 ;Std /-) GUGAGCGCGGGGCACAGUUUCUCAAGGAUGUAAGUUUUUGCCGUUUAUCUGG
n
2 ) 3rd trial > UUAGCGAGAGAGGAGGCUUCUAGACCCAGCUCUCUGGGUCGUUGCUGAUGCG
4th
;7 5th S e———— CAUUGGUGCUAAUGAUAUUAGGGCUGUAUUCCUGUAUAGCGAUCAGUGUCCG
2{%* \ GUAGGCCCUCUUGACAUAAGAUUUUUCCAAUGGUGGGAGAUGGCCAUUGCAG

Inverse folding

-

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



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

PETER SCHUSTER"?3 WALTER FONTANA® PETER F.STADLER*?®
anxp IVO L.HOFACKER?

Y Institut _fiir Molekulare Biolechnologie, Beutenbergstrasse 11, PF 100813, D-07708 Jena, Germany
® Institut fiir Theoretische Chemie, Universitiit Wien, Austria
% Santa Fe Institute, Santa Fe, U.5.A.

SUMMARY

RINA folding is viewed here as a map assigning secondary structures to sequences. At fixed chain length
the number of sequences far exceeds the number of structures. Frequencies of structures are highly non-
uniform and follow a generalized form of Zipf's law: we find relatively few common and many rare ones.
By using an algorithm for inverse folding, we show that sequences sharing the same structure are
distributed randomly over sequence space. All common structures can be accessed from an arbitrary
sequence by a number of mutations much smaller than the chain length. The sequence space 1s percolated
by extensive neutral networks connecting nearest neighbours folding into identical structures. Implications
for evolutionary adaptation and for applied molecular evolution are evident: finding a particular
structure by mutation and selection is much simpler than expected and, even if catalytic activity should
turn out to be sparse in the space of RNA structures, it can hardly be missed by evolutionary processes.

Proc. R, Soe, Lond. B (1994) 255, 279-284 279 © 1994 The Roval Society
Printed in Greaf Britain



Space of genotypes: I={ly, 15, 15, 14, ..., Iy} ; Hamming metric
Space of phenotypes: S={S{, S5, S3, Sy, ... , Sy} ; metric (not required)

N>M

() =S

Gy =y 'SP UL |w(l)=5,}

A mapping y and its inversion
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Structure space
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Bulletin of Mathematical Biology, Vol. 59, No. 2, pp. 339-397, 1997
Elsevier Science Inc.

© 1997 Society for Mathematical Biology

0092-8240,/97 §17.00 + 0.00

S0092-8240(96)00089-4

GENERIC PROPERTIES OF COMBINATORY
MAPS: NEUTRAL NETWORKS OF RNA
SECONDARY STRUCTURES'

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

‘tLos Alamos National Laboratory,
Los Alamos, NM 87545, U.S.A.

$Institut fiir Theoretische Chemie der Universitit Wien,
A-1090 Wien, Austria

$Institut fiir Molekulare Biotechnologie,
D-07708 Jena, Germany

(E.mail: pks@ tbi.univie.ac.at)

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
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Formation of secondary structure of the tobramycin binding RNA aptamer with K, =9 nM

L. Jiang, A. K. Suri, R. Fiala, D. J. Patel, Saccharide-RNA recognition in an aminoglycoside antibiotic-
RNA aptamer complex. Chemistry & Biology 4:35-50 (1997)



The three-dimensional structure of the
tobramycin aptamer complex

L. Jiang, A. K. Suri, R. Fiala, D. J. Patel,
Chemistry & Biology 4:35-50 (1997)




Evolution of aptamers with a new specificity and new
secondary structures from an ATP aptamer

ZHEN HUANG' and JACK W. SZOSTAK?

"Department of Chemistry, Brooklyn College, Ph.D. Programs of Chemistry and Biochemistry, The Graduate School of CUNY,
Brooklyn, New York 11210, USA
2Howard Hughes Medical Institute, Department of Molecular Biology, Massachusetts General Hospital, Boston, Massachusetts 02114, USA

ABSTRACT

Small changes in target specificity can sometimes be achieved, without changing aptamer structure, through mutation of a few
bases. Larger changes in target geometry or chemistry may require more radical changes in an aptamer. In the latter case, it is
unknown whether structural and functional solutions can still be found in the region of sequence space close to the original
aptamer. To investigate these questions, we designed an in vitro selection experiment aimed at evolving specificity of an ATP
aptamer. The ATP aptamer makes contacts with both the nucleobase and the sugar. We used an affinity matrix in which GTP
was immobilized through the sugar, thus requiring extensive changes in or loss of sugar contact, as well as changes in
recognition of the nucleobase. After just five rounds of selection, the pool was dominated by new aptamers falling into three
major classes, each with secondary structures distinct from that of the ATP aptamer. The average sequence identity between the
original aptamer and new aptamers is 76%. Most of the mutations appear to play roles either in disrupting the original
secondary structure or in forming the new secondary structure or the new recognition loops. Our results show that there are
novel structures that recognize a significantly different ligand in the region of sequence space close to the ATP aptamer. These
examples of the emergence of novel functions and structures from an RNA molecule with a defined specificity and fold provide
a new perspective on the evolutionary flexibility and adaptability of RNA.

Keywords: Aptamer; specificity; fold; selection; RNA evolution

RNA 9:1456-1463, 2003

Evidence for neutral networks and shape space covering



Evidence for neutral networks and
intersection of apatamer functions

J Mol Evol (2003) 57:299-308
DOIL: 10.1007/500239-003-2481-y

© Speinger-Verlag New York Inc. 2003

Evolutionary Landscapes for the Acquisition of New Ligand Recognition

by RNA Aptamers

Daniel M. Held, S. Travis Greathouse, Amit Agrawal, Donald H. Burke

Department of Chemistry, Indiana University, Bloomington, IN 47405-7102, USA

Received: 15 November 2002 / Accepted: 8§ April 2003

Abstract. The evolution of ligand specificity under-
lies many important problems in biology, from the
appearance of drug resistant pathogens to the
re-engineering of substrate specificity in enzymes. In
studying biomolecules, however, the contributions
of macromolecular sequence to binding specificity
can be obscured by other selection pressures critical
to Dbioactivity. Evolution of ligand specificity
in vitro—unconstrained by confounding biological
factors—is addressed here using variants of three
flavin-binding RNA aptamers. Mutagenized pools
based on the three aptamers were combined and
allowed to compete during in vitro selection for
GMP-binding activity. The sequences of the resulting
selection isolates were diverse, even though most were
derived from the same flavin-binding parent. Indi-
vidual GMP aptamers differed from the parental fla-
vin aptamers by 7 to 26 mutations (20 to 57% overall
change). Acquisition of GMP recognition coincided
with the loss of FAD (flavin-adenine dinucleotide)
recognition in all isolates, despite the absence of a
counter-selection to remove FAD-binding RNAs. To
examine more precisely the proximity of these two
activities within a defined sequence space, the com-
plete set of all intermediate sequences between an
FAD-binding aptamer and a GMP-binding aptamer
were synthesized and assayed [or activity. For this set
of sequences, we observe a portion of a neutral net-
work for FAD-binding function separated from
GMP-binding function by a distance of three muta-

Correspondence to: Donald H. Burke; email: dhburke@indi-
ana.edu

tions. Furthermore, enzymatic probing of these ap-
tamers revealed gross structural remodeling of the
RMNA coincident with the switch in ligand recognition.
The capacity for neutral drift along an FAD-binding
network in such close approach to RNAs with GMP-
binding activity illustrates the degree of phenotypic
buffering available to a set of closely related RNA
sequences—defined as the set’s functional tolerance
for point mutations—and supports neutral evolu-
tionary theory by demonstrating the facility with
which a new phenotype becomes accessible as that
buffering threshold is crossed.

Key words: Aptamers — RNA structure — Phen-
otypic buffering — Fitness landscapes — Neutral
evolutionary theory — Flavin — GMP

Introduction

RNA aptamers targeting small molecules serve as
useful model systems for the study of the evolution
and biophysics of macromolecular binding interac-
tions. Because of their small sizes, the structures of
several such complexes have been determined to
atomic resolution by NMR spectrometry or X-ray
crystallography (reviewed by Herman and Patel
2000). Moreover, aptamers can be subjected to mu-
tational and evolutionary pressures for which sur-
vival is based entirely on ligand binding, without the
complicating effects of simultaneous selection pres-
sures for bioactivity, thus allowing the relative con-
tributions of each activity to be evaluated separately.



The notion of RNA (secondary) structure

3. Suboptimal structures
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Walter Fontana-2 - -
Complete Suboptimal Folding

Ivo L. Hofacker!

Peter Schuster!2 of RNA and the Stability of

1 Institut far Theoretische Secg nd a ry Stru Ctu res
Chemie,

Universitat Wien,
Wahringerstrasse 17,
A-1090 Wien, Austria

2 Santa Fe Institute,
1399 Hyde Park Road,
Santa Fe, NM 87501 USA

Received 13 May 1995;
accepred 6 August 1998

Abstrace:  An algorithm is presented for generating rigorously all suboptimal secondary structures
berween the minimum free energy and an arbitrary upper imit. The algorithm is particularly fast
in the vicinity af the minimum jfree energy. This enables the efficient approximation of statistical
quantities, such as the partition fimction or measures for structural diversity. The density of states
at low energies and its associated structures are crucial in assessing from a thermodynamic point
af view how well-defined the ground stare is. We demonstrare this by exploving the role af base
modification in tRNA secondary structures, both ar the level of individual sequences from Esche-
richia coli and by comparing artificially generated ensembles of modified and unmodified sequences
with the same tRNA siruciure. The two major conclusions are that (1) base modification consider-
ably sharpens the definition of the ground state structure by constraining energetically adjacent
structures fo be similar to the ground state, and (2) sequences whose ground state structure is
thermodynamically well defined show a significant trendency to buffer single point mutations. This
can have evelutionary implications, since selection pressure to improve the definition of ground
states with biological fimction may result in increased neutrality.  © 1999 John Wiley & Sons, Inc.
Biopoly 49: 143-163, 1999

Keywords: RNA secondary structure; suboptimal folding; density of states; tRNA; modified bases;
thermodynamic stability of stucture; mutational buffering; neutrality; dynamic programming
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ANoVOOYNDONHIODDVYIONYVYVDEVNOIVOIDBVYVOIOHDIONNNNNONDYODDDD

GCGGAGUCUUUUUGCGGCCGAGCACUAGGAAUCCAGCCGUGGUACCACUU CCGGUUCUUUAGUCUGGCAGAGGAGGAAGGUGCCAGGUGCAACUCUGCGU

GCGGAGUCUUUUUGCGGCCGAGCACUAGGAAUCCAGCCGUGGUACCACUU

CCGGUUCUUUAGUCUGGCAGAGGAGGAAGGUGCCAGGUGCAACUCUGCGU
-l

N90DNIONOVYOONDOVIDONDHOVYYOOYOOVYOVIODONINOYNNNOINNDDDD
NOI29NINIVYIONDDVYODONDOYYOHOVOOVEVIODDNINDYNNNINNDDOD

NNOVYOOYNDDNODOOYIONYYOOVNOVOOVDO0D929NNNNNINDOVYODOD

GCGBAGUCUUUUUGCGGCCGAGCACUAGGAAUCCAGCCGBUGGUACCACUL CCGGUUCUUUAGUCUGGCAGAGGAGGAAGGUGCCAGGUGCAACUCUGCGU

Two neutral sequences with very different contributions of suboptimal conformations
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RNA {2000), 6:325-338. Cambridge University Press. Printed in the USA.
Copyright © 2000 RNA Society.

RNA folding at elementary step resolution

CHRISTOPH FLAMM," WALTER FONTANA,>® IVO L. HOFACKER,'
and PETER SCHUSTER'

"Institut fir Theoretische Chemie und Molekulare Strukturbiologie, Universitat Wien, A-1090 Wien, Austria
“Santa Fe Institute, Santa Fe, New Mexico 87501 USA

ABSTRACT

We study the stochastic folding kinetics of RNA sequences into secondary structures with a new algorithm based on
the formation, dissociation, and the shifting of individual base pairs. We discuss folding mechanisms and the cor-
relation between the barrier structure of the conformational landscape and the folding kinetics for a number of
examples based on artificial and natural sequences, including the influence of base modification in tRNAs.

Keywords: conformational spaces; foldability; RNA folding kinetics; RNA secondary structure



The Folding Algorithm

A sequence [ specifies an energy ordered set of
compatible structures €(1):

e = {S,.S,,...,S., 0}

m?

A trajectory ¥,(I) is a time ordered series of
structures in €(I). A folding trajectory is
defined by starting with the open chain O and
ending with the global minimum free energy
structure S, or a metastable structure S, which
represents a local energy minimum:

2,() = {0,S(1),...,S(t1),S (1),
S(t+1) , ..., Sy}

2 (D) = {0,S(1),...,S(t-1),S (1),
S (t+1) , ..., S}

Master equation

dP, m+ m-+ m+
d—’[k B Zi:ol(P;k (D —Fq (t)) - Zizolkik R-R Zi:@lkki
k=0,1,...,m+1

Transition probabilities Pij(t) = PM{Si—>Sj} are
defined by

P,(t) = P(t) k; = P(t) exp(-AG;/2RT) / %,
P(t) = Py(t) k;; = Py(1) exp(-AG,/2RT) / %,

m+2
2y = Zkzl,k;ti exp(-AGy;/2RT)

The symmetric rule for transition rate parameters is due
to Kawasaki (K. Kawasaki, Diffusion constants near
the critical point for time dependent Ising models.
Phys.Rev. 145:224-230, 1966).

Formulation of kinetic RNA folding as a stochastic process
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Abstract

Barrier trees consisting of local minima and their connecting saddle points
imply a natural coarse-graining for the description of the energy landscape
of RNA secondary structures. Here we show that, based on this approach, it
is possible to predict the folding behaviour of RNA molecules by numerical
integration. Comparison with stochastic folding simulations shows reasonable
agreement of the resulting folding dynamics and a drastic increase in
computational efficiency that makes it possible to investigate the folding
dynamics of RNA of at least tRNA size. Our approach is readily applicable
to bistable RNA molecules and promises to facilitate studies on the dynamic
behaviour of RNA switches.

PACS numbers: 87.14.Gg, 87.15.He, 87.15.Aa, 87.15.Cc
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ABSTRACT

There is little experimental knowledge on the
sequence dependent rate of hairpin formation in
RNA. We have therefore designed RNA sequences
that can fold into either of two mutually exclusive
hairpins and have determined the ratio of folding
of the two conformations, using structure probing.
This folding ratio reflects their respective folding
rates. Changing one of the two loop sequences from
a purine- to a pyrimidine-rich loop did increase its
folding rate, which corresponds well with similar
observations in DNA hairpins. However, neither
changing one of the loops from a regular non-
GNRA tetra-loop into a stable GNRA tetra-loop, nor
increasing the loop size from 4 to 6 nt did affect the
folding rate. The folding kinetics of these RNAs have
also been simulated with the program ‘Kinfold'.
These simulations were in agreement with the
experimental results if the additional stabilization
energies for stable tetra-loops were not taken into
account. Despite the high stability of the stable
tetra-loops, they apparently do not affect folding
kinetics of these RNA hairpins. These results show
that it is possible to experimentally determine
relative folding rates of hairpins and to use these
data to improve the computer-assisted simulation
of the folding kinetics of stem—loop structures.



An experimental
RNA switch

1D

GGGUGGAACCACGAGGUUCCACGAGGAACCACGAGGUUCcuUcCcC

2D

3 13 G 23
1D 2D R
celB ca® 2
A A A A G/IA A
CG C=G CG
C-G CsG C-G
AU A=U U=A
A=U A=U U=A
G-C G=C G-C
G=C G=C AG CA
U=A/G A=U
3GeC ——G=C_44 1pBGC_ op
Cc-Gs3s
56 r 28 CC, A~ A
CG
. CG
-28.6 kcal-mol AU
-28.2 kcal-mol* A=U
G-C
G-C
U U
3G=C
G=C
G=C 44
5' 3’
JN1LH
-28.6 kcal-mol™
-31.8 kcal-mol™

J.H.A. Nagel, C. Flamm, I.L. Hofacker, K. Franke,
M.H. de Smit, P. Schuster, and C.W.A. Plej;.

Structural parameters affecting the kinetic competition of RNA
hairpin formation. Nucleic Acids Res. 34:3568-3576 (2006)
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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-

Mhitet Institute for Biomedical Research and De-
partment of Biology, Massachusetts Institute of Tech-
nology, 9 Cambridge Center, Cambridge, MA 02142,
USA
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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

21 JULY 2000 WVOL 289 SCIENCE www.sciencemag.org
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ENCODE stands for

ENCyclopedia Of DNA Elements.

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

Nature 447:799-816, 2007
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