Vorhersage der Sekundarstruktur
von Ribonukleinsdure (RNA)

Maoglichkeiten und Limitierungen

Uwe Menzel, Januar 2009

RNA

»  Funktion / Struktur
» Faltung zur Sekundarstruktur

»  Berechnung der Sekundarstruktur
Basen-Maximierung (Nussinov)
Energie-Minimierung (Major, Mathews)
Energie-Minimierung mit INN-Modell (Zuker)
Vergleichende Sequenzanalyse

Genetische Algorithmen

o kR0

o
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Funktion der RNA

- einstrangige Polynukleotide

- Erhoéhte katalytische Funktion, ermdéglicht chemi-
sche Reaktionen, die der DNA nicht méglich sind

- mRNA, Boten-RNA: kopiert die in einem Gen auf
der DNA liegende Information und trégt sie zum
Ribosom, wo die Proteinsynthese stattfindet
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RNA und Proteinsynthese

Funktion der RNA

Messenger RNA (mRNA)
Ubertragt genetische Information — Protein

Small nuclear RNAs (snRNA)
spleissen von mRNA im Zellkern

Transfer RNA (tRNA)
transportiert die Aminosédure zum Ribosom

Ribosomal RNA (rRNA)
ist ein Teil des Ribosoms

Basen sind weiss
Zucker-Phosphat Backbone
Proteine




Funktionen der RNA

Proteinsynthese (MRNA, tRNA)
Teil des Ribosoms

Spleissen von Introns
Genregulation

Immunsystem
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Struktur

biologisches Polymer; Monomere = Nukleotide

typisch ca. 102 Nukleotide

Nukleotide bestehen aus einer Ribose (Zucker), einer
Phosphatgruppe und einer von 4 méglichen organischen
Basen

4 Basen: G, C, A, U
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Basenpaarung

Waston-Crick Paare

Wobble-Basenpaare
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thermodynamische Stabilitét ist vergleichbar mit einem Watson-Crick Basenpaar

Kanonische und nicht-
kanonische Basenpaare

» The complementary bases, C-G and A-U form stable
base pairs with each other through the creation of
hydrogen bonds between donor and acceptor sites on
the bases. These are called Watson-Crick (W-C) base
pairs.

+ In addition, we consider the weaker G-U wobble pair,
where the bases bond in a skewed fashion. All of
these are called canonical base pairs.

» Other base pairs occur, some of which are stable.
They are called non-canonical base pairs.

Faltung zur
Sekundarstruktur
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Faltung der RNA
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Faltung zur Sekundarstruktur

Bildung von H-Briicken zw. komplementéren Basen
Faltung der RNA auf sich selbst (einstrangig)
+ Helices, Hairpin Loops, Internal Loops, Bulges ...
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Faltung der RNA
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Faltung der RNA

 Die einstrangige RNA kann sich durch
Bildung von H,-Briickenbindungen
zwischen den komplementaren Basen GC,
AU und GU auf sich selbst falten. Dabei
ensteht die Sekundarstruktur der RNA.

Sekundarstruktur der RNA
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RNA-Sekundarstruktur

I = interior loop

H = hairpin loop

B = bulge

M = multi-loop

Strukturebenen der RNA

- Primarstruktur: lineare Sequenz der Basen im
RNA-Molekdl

- Sekundarstruktur: Faltung der Sequenz auf
sich selbst durch Bindung der Basenpaare G-
C, A-U,G-U

. Tertidrstruktur: dreidimensionale Anordnung
eines RNA-Molekuls (wichtig fUr biologische
Funktion, sehr schwer vorauszusagen)

Strukturebenen der RNA

GAUUUAGCUCAGUUGGGAGAGCGCAGACU
GAAGAUCUGGAGGUCCUGUGUUCGAUCCA
CAGAAUUC




Problemstellung

» Berechne Sekundarstruktur fir eine gegebene
Primarstruktur (Nukleotidsequenz)

GAUUUAGCUCAGUUGGGAGAGCGCAGACU
GAAGAUCUGGAGGUCCUGUGUUCGAUCCA
CAGAAUUC

Sekundarstruktur kann weitgehend
unabhangig von Tertiarstruktur
berechnet werden

« starkere Bindungen als Tertiarstruktur

 schnellere Formation der Bindung zur
Sekundarstruktur
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1. Basenpaar-Maximierung

» Finde die Faltung, die eine
maximale Anzahl von
komplementaren
Basenpaarungen ergibt.

» Anzahl der Basenpaare fur
eine bestimmte Konfiguration
sei S ("Score”)

+ 1 Basenpaarung = 1 Punkt

D S=32 (nur H,-Brickenbindungen zahlen)

”"Brute-Force” nicht moglich

« RNA mit N Nukleotiden kann in = 1.8N mdgliche

Strukturen gefaltet werden (Zuker, 1984)

« N=100 — 1025 mogliche Strukturen
« Berechne 10000 Strukturen / Sekunde — 1014

Jahre
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Dynamic Programming (DP)

» Lésung eines Problems wird auf die
Lésung “kleinerer” Teilprobleme
zuruckgefihrt (N=5 - N=6 - N=7— ...)

* Rekursive Lésung des Gesamtproblems
» DP ist in der Bioinformatik weit verbreitet
(Needleman-Wunsch, Smith-Waterman,

Viterbi)

O
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Rekursive Berechnung

- AUGGCAUCGCGAU  5(1,5)

* S(i,j) = max. Score zw. Nukleotiden i und j
- Ser-Teilstlicke: S(1,5); $(2,6); S(3,7) ...

-+ Ber-Teilstiicke: S(1,6); S(2,7); S(3.8) ...

* 7er-Teilstlcke: S(1,7); S(2,8); S(3,9) ...
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RNA-Kette
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Base j bindet mit Base i
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Bifurkation

4‘ Gudel wil cinen B (245880,
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Das k muss gesucht werden, welches zu
einem maximalen Score S fihrt.

Nussinov-Algorithmus

*—---
i i k-1 k
j bindet nicht j bindet i Bifurkation: j bindet k
S j)=S80j-D S, j)=SGE+1j-D+1 | 8G)=max[sGrk-D+sck.))]
ickej

Maximum bestimmen!!

Nussinov-Algorithmus

S@,j-1) [j bindet nicht]
S(i, j) = max SG+1,j-1)+1 [j bindet i]
max,, [SG,k-D)+Sk, )] [} bindet k]
. S@E+1,j-D+1 [j bindet i]
56 j)= max{maXKm [SG,k=1)+ Sk, j)] [j bindet k oder garnicht]

SGi+ 1,j—1) +1 [ifi,jb®

S(i+ 1,)) k=i+1
S(i,j—1) k=j
max; g S(ik) + S(k + L,j)

S(i,j) = max




Nussinov-Algorithmus

Matrixdarstellung fUr den Score

SG,j—1) [j bindet nicht] J ’
S(i, j) = max SG+1,j-1)+1 [j bindet i] A U A €C CCcCUGUGGUAU
max,, [SGi.k—=1)+S(k, j)] [j bindet k] A |S(1,1) | S(1,2) | S(1,3) |sa
U S(2.2) | S@2.3) |[ses
S e S@+1,j-D+1 [j bindet i] A S(3,3) [sas
(¢ j) = max maxkksj[S(i,k—1)+S(k,j)] [j bindet k oder garnicht] C
C
» Die S(i,j) kénnen nach diesem Schema ¢
rekursiv berechnet werden U
» Die S(i,j) kbnnen dazu praktischerweise in G
einer Matrix angeordnet werden v
G
G
Matrixdarstellung fur den Score Fullen der Matrix
. SG.j) = S+1,j-D+1 [j bindet i]
J DI Z I tmax [SG,k = 1)+ S(k, )] [ bindet k oder garnicht]
AUACCCUGUGGUATU i=3; j=7 .
Ao oo o $(3.7) = max S(4,6)+1 [B.ase7b1ndet Base.S]
Uyl ToToTo 1o max,_,_,[S(3,k—1)+S(k,7)] [7 bindet k oder garnicht]
l A 0lololo .
C 01000 ]
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0010 |0 i o To .0.
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Follen der Matrix Matrixelemente, die zur Berechnung von
S(8,7) beitragen
S(4,6)+1 [j bindet i]

S(3,7) = max o )
max,_,_,[S(3,k—1)+S(k,7)] [jbindet k oder garnicht]
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Nachteile Basen-Maximierung

+ Starke der Bindung zwischen den
Basenpaaren wird nicht beachtet

H
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2. Energie-Minimierung

» Jede Basenpaarung hat eine negative
Bindungsenergie

+ Die Konfiguration mit der niedrigsten
Gesamtenergie wird gesucht

» diese Konfiguration ist am stabilsten im
thermodynamischen Gleichgewicht
(Boltzmann-Gleichung)

Tinoco-Uhlenbeck Postulat

— Annahme: Bindungsenergie eines jeden
Basenpaares ist unabhangig von allen
anderen Basenpaaren (und von Loop-
Strukturen)

— Folgerung: totale Bindungsenergie der RNA
ist einfach die Summe der Bindungsenergien
der einzelnen Basenpaare

Uwe.Menzel@math.uu.se

Hydrogen-Bond Modelle

Major Mathews
Bindung Bindungsenergie Bindung Bindungsenergie
GC -3 keal/mol GC -3 keal/mol
AU -2 kcal/mol AU -2 kcal/mol
GU -1 keal/mol GU -2 keal/mol
approximiert die relative Anzahl der

Starke der Bindungen Wasserstoff-Briicken

o S@i+1,j-D)+AG [j bindet i]
S(i, j)=miny | . . o )
min, . [S(i.k—1)+ S(k, )] [jbindet k oder garnicht]

Matrixdarstellung for Energie-Minimierung
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Voraussage

Erstes A mit letztem U
Zweites U mit vorletztem A

Drittes A mit vor-vorletzem U

AUACCCUGUGGUAU =)

cC >» C O O

Totale Freie Energie: -12 kcal/mol




Nachteile der Major- und
Mathews Modelle

* jedes Basenpaar wird nur isoliert fir sich
betrachtet — Widerspruch zu experiment. Daten
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3. Individual Nearest Neighbor
Model

» Einfluss benachbarter Basenpaare auf die
Bindungsenergie wird bericksichtigt =
“Stacking”

» Nach diesem Modell berechnete Strukturen
stimmen besser mit experimentellen Daten
Uberein

Uwe.Menzel@math.uu.se

Energie-Zuordnung

- stabilisierenden Regionen (Helices) wird eine
negative Energie zugeordnet
— wird Ubergangen zwischen Basenpaaren zugeordnet
— Energie hangt (nur) vom benachbarten Basenpaar ab
— Stacking-Energien werden experimentell an kleinen

synthetischen RNAs ermittelt.

« destabilisierenden Regionen (Bulges, Loops,
usw.) wird eine positive Energie zugeordnet
— ebenfalls experimentell ermittelt

Stacking - Energien

Werte fiir freie Energien fiir helikale Strukturen (in kcal/mol bei
37°C):

A/U C/G G/C U/A G/U U/G
A/U 09 -18 -23 -11 -L1 -0.8

C/G -17 -29 -34 23 21 -14
G/C -21 29 18 -19 -12
U/A -0.9 21 -09 -10 -05
G/U -05 -14 08 -04 -02
u/G -0 21 -11 -15 -04

Tabelle: Daniela Nitsch; Universitéat Ulm

Destabilisierende Energien von
Schleifen

Werte von freien Energien (in kcal/mol bei 37°C) fiir Schleifen,
abhé&ngig von deren GroBe :

GroBe innere Schleife Ausbuchtung Haarnadel-Schleife

1 . 3.9

2 4.1 Bl

3 51 8i5 u
4 4.9 4.2 4.9
5 53 4.8 4.4
10 6.3 5i5 5.3
15 6.7 6.0 5.8
20 7.0 6.3 6.1
25 R 615 6.3
30 7.4 6.7 6.5

Tabelle: Daniela Nitsch, Universitéat Ulm

Turner Lab

OCHESTER
emistry




Thermodynamische Daten

#® Free Energy and Enthalpy Tables #
for RNA Folding.
- From the

« Free Energies at 37° (version 3.0)

http://www.bioinfo.rpi.edu/zukerm/rna/energy/

Energieberechnung

4 nt loop +5.94——| AUUA
GeC ~——>- -1.1 terminal mismatch of hairpin
GeC ——p>-2.9 stack

1 nt bulge +3.3 < A ——p- -2.9 stack (special case of 1 nt bulge)

5' dangle -0.3 4—A »
unstructured single strand 0.0 ~<——/ 3
7/
5
overall AG = -4.6 kcal/mol

c—>

T=37°C,
in kcal/mol

—0—C—C:

C—C—»—p—0:

c—i

A G = - 21.8 kcal/mol

Programmierung des Stacking-
Modells

» dynamische Programmierung, wie oben

« aufgrund der Nachbar-Wirkung der Stacking-
Parameter mUssen zwei Matritzen gehalten
werden

» Zuker-Algorithmus (Zuker & Stiegler, 1981) —
Fold

Uwe.Menzel@math.uu.se

Nachteile des INN - Modells

nur die Struktur mit der absolut niedrigsten Energie wird
berechnet

Oft gibt es mehrere Sekundarstrukturen mit nahezu
gleicher Energie

RNA-switches (Flamm 2001)

Algorithmus muss so abgewandelt werden, dass auch
Faltungen mit etwas hdherer Gesamtenergie gefunden
werden — Suboptimale Strukturen — Mfold (Zuker,
1989)

Zuker's Mfold (1989)

» Findet sub-optimale Lésungen fur Freie Energie

Wi = min{W;41 ;,
Wi -1,
Vi
min ik Vit1,4
/,:gk|<j{m'k + Wit1,5}

i

Vij = min{H;;,
Si,],
VBIL;,
VM,

VBIi = min (T + Vi)

M;; = min i1k + Wip1,—
VM= min Wirts + Wit joa}




Programme

» Fold, Mfold
» Zuker & Stiegler (1981) Nuc. Acids Res. 9: 133-48

» Zuker (1989) Science 244:48-52
« http://mfold.bioinfo.rpi.edu/cgi-bin/rna-form1.cqi

* RNAfold
» Vienna RNA secondary structure server
» Hofacker (2003) Nuc. Acids Res. 31: 3429-31

* http://rna.tbi.univie.ac.at/

* RNAstructure
* Mathews Lab, Windows, free
« http://rna.urmc.rochester.edu/rnastructure.html

Mfold - Webserver

Vienna RNA package

Vienna RNA \WebServers

[HomelHelp]
RNA stuff @ tbi.univie.ac.at
This server provides programs, web services, and databases, related to our work on RNA secondary structures. For general information and other offerings from our group
see the main TBI web server.
The Vienna RNA Servers:

+ RNAfold server predicts minimum free energy structures and base pair probabilties from single RNA or DNA sequences.
+ RNAalifold server predicts consensus secondary structures from an alignment of several related RNA or DNA sequences. You need to upload an alignment.
< RNAr

+ RNAcofold server allows you to predict the secondary structure of a dimer.
+ RNAup server allows you to predict the accessiilty of a target region.
* Lochr

+ RNAZ server will ssist you in detecting thermodynamically stable and evolutionarly conserved RNA secondary structures in multple sequence alignments.
« Structure conservation analysis server wil assist you in detecting evolutionariy conserved RNA secondary structures in multiple sequence alignments.

+ RNAstrand server allows you to predict the reading direction of evolutionarily conserved RNA secondary structures.

+ RNAXS server assists you in SIRNA desian.

Downloads
Get the Source code for:
« the Vienna RNA Package, our basic RNA secondary structure analysis software.
+ The ALIDOT package for finding conserved structure motifs (add-on)
« The barriers program for analysis of RNA folding landscapes.

Databases

« Atlas of conserved Viral RNA Structures found by ALIDOT

Instiute for Theoretical Chemisiy | University of Vienna | ma@tbi.univie.ac.at

University of Rochester Medical Center

Mathews Lab

RNAstructure, Version 4.6
updated 5/6/2008

RNAstructure is a Windows program for the prediction and analysis of
RNA sccondary structure. It works with Windows ME, Windows NT 4,
Windows 2000, Windows XP, and Windows Vista. (Note that with
‘Windows Vista, you will need to install the older Windows help reader
by following the instructions provided by Microsoft to use the online
help. We are working to change this.) Version 4.6 includes a secondary
structure prediction algorithm, a seq editor, an integrated drawing
tool, the OligoWalk program, OligoScreen, Dynalign, and a partition
function calculator. RNAstructure uses the most current thermodynamic
parameters from the Turner lab.

New for version 4.6 are stochastic sampling of secondary structures and
the ability to constrain the prediction of the lowest free energy structure
with SHAPE data.

We ask you to register before downloading so that we may occasionally
notify you of significant updates. RNAstructure is free of charge.

Register to Download

4. Vergleichende Sequenzanalyse

* "Gold standard”

» Konservierte Doméanen sind Kandidaten
flr Helices (Stems)

 z. B. Dynalign

Uwe.Menzel@math.uu.se

Kovariation

Acceptor

Ein CG/GC — Paar in der
Kleeblatt-Struktur ist an der
Bildung eines Stems
beteiligt

Articodon loop




Nicht-kompensierende Mutation

Mutation in nur einer Base
verklrzt oder zerstort den
Stem

Articodon loop

Kompensierende Mutation

Kovariation stellt sicher,
dass das Basepairing
erhalten bleibt und somit
auch die Struktur (Stem)

Anticodon loop

Kovariation

Alignment und Strukturvoraussage

eP8 eP9
[ 1 [ 1
Escherichia coli CACACUGGAA (CUGAGACACE) GUCCAGACUCC Chatas JaGUG-CUGA. G00BBR000M - AUAL. - u0aCCaa
Hildenbrandia rubra GAGAGGGAGC (CUGAGAAACG) GCUACCACAUC Copuniia CCUBGACAUAG - AUAG - - UUACGCCAE
Bangia fuscopurpurea GAGAGGGAGC (CUGAGAAAUG) GCUACCACAUC K polysporus -gn‘ +ACCUAGU - +
Rhodochaete parvula GAGAGGEAGC (CUGAGAAACG) GCURCCACAUC i ~aaaG. - Acacurga.
Cordvceps kanzashiana GAGAAGGAGC (CUGAGAGACE) GCUACUACAUC iy SO e eal
Stichococcus bacillaris GAGAGGGAGC (CUGAGAAACG) GCUACCACAUC P.mississtpplensts +GOAA + - UCACUGA*
Graphiola phoenicis GAGAGGGAGC (CUGAGAAACG) GCUACCACAUC P.strasburgensis -GGAA - - UCACUAGG -
5.globosus +GGAA + -CCUGGUU - «
S.cerevisiae -CUGCUC-CUGA - - <GOAA . -CCAGU. « -+
AGA ACA S.carlsbergensis - + : CUGCUC - GUGA - + +GGAA + - GCAGUCUUY
A G C S.pastoriar -CUGCUG- GUGA - - +GAAA - -CCAQUCUUL
G A A S.dairensic G- GAAA - - CCAGU - - » +
u c u e Saena :GGAA - -CCGAGUC
unisporus -caas. -
Cc. gt Ch 68 Shuyrert - -GAAUUUAAAGGC - -
S.castellit - « e +GCAAU= = =
G-C A=) 5 fibuligera - - -GOUC-CUGA- - -GGAA--GCUCU-- - -
A-U B2 o Tdelbruekii UUUCC-GUGA - - +GGAA - -CCAGGC- - -
G A G- C W fluarescens UGCUC - UUG, <GCAA - -ACGCUGEG -
Gz € Uu- A Zbalii YUUCC- QUG +GGAA - -CUAGGC - - -
Zflorentinus VUGS - GUG: -@OAA - -CCAAGA - - -
G=C Gmila Zrousii UUUCC-GUGA - - GGAA - -CUGGAC - - -
Gt fein UBCUG. GUGA ~GAAA - -GUGCU- - - -
Szo.pombe - -GUGCUC-GUGAG -
Rk - s UGUCG-UAGCA -
A A=zl . sapiens - ~GGCCG-UAACA -
A=l C
(R o 4 C EU GA cI.I EA QU GA eu nA
=R e
1 E.coli = & 2 =
H.rubra oo g é &8 =3 &=
U-A  U=A
c-a
Standard
Free Energy
Minimization

Dynalign

» kombiniert Energieminimierung und
komparative Sequenzanalyse (2 Sequenzen)

» Helices nur erlaubt, wenn diese in beiden
Sequenzen mdglich sind — beschréankt Suche
auf gemeinsame Strukturen

» in RNAStructure

Uwe.Menzel@math.uu.se
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RNA families

» Rfam : General non-coding RNA database
+ 379 families annotating 280,000 regions

http://www.sanger.ac.uk/Software/Rfam/

Includes many families of non-coding RNAs and functional
motifs, as well as their alignment and secondary structures

Quantitative Measure of Co-variation

Mutual Information Content:

£, (N, N,)

(NN, )log, Lo T2l
Ji0 o log £(N)f, ()

HGi, j)= Y,

N;,N,e{A,C.G,U}

£;(N}.N,) : joint frequency of the 2 nucleotides, N, from the i-th column,
and N, from the j-th column

fi(N) :frequency in the i-th column of the nucleic acid N

Performance der Programme

» Ungeféhr 70% der Baasenpaare werden
korrekten Strukturen zugeordnet

Uwe.Menzel@math.uu.se

Weitere Limitierungen

+ Keine Pseudo-Knoten (1.4% aller Basenpaare It.
Mathews 2006) und andere tertiare Wechselwirkungen

* Unsicherheit der thermodynamischen Parameter (Fehler
< 0.5 kcal/mol, Mathews 2006)

« WW Uber den n&chsten Nachbarn hinaus vernachlassigt
(Tetraloops- ganze Sequenz zahlt)

« TD Gleichgewicht wird vorausgesetzt

rrrrrrrrrrrrrrr U eg-TTTTTAT
IRIRIRIA] )
~~AAGGC A ACUGEA”
A JRUIT-Y VT TV —
S

Lookup tables

Table 2. Lookup table for unstable triloops and stable tetraloops and

hexaloops
Hairpin Ref(s). AC",
CAACG 87 6.8
GUUAC 87 6.9
CAACGG 48 5.5
CCAAGC 48 3.3
CCACGG 48 3.7
CCCAGL 48 3.4
CCGAGGC 48 3.5
CCGCGG 48 3.6
CCUAGGC 48 3.7
CCUCGG 48 2.5
CUAAGC 48 3.6
CUACGC  47,502.8
CUCAGG 48 3.7
CUCCGGC 47 2.7
CUGCGG 47 2.8
CUUAGC 48 3.5
CUUCGG  47,503.7
ACAGUACUSBE 2.8
ACAGUGCUgE 2.9
ACAGUGAUSEH 3.6
ACAGUUCUgE 1.8

37 loop’ kcal/mol

Kinetik des Faltens

 Bisher wurde nur der Endzustand berechnet
(Gleichgewicht)
* Mdgliche Simulierung der Kinetik:

— Schrittweise (irreversible) Addition von Stems
(Nussinov84, Abrahams90)

— Genetische Algorithmen (vanBatenburg95)

Uwe.Menzel@math.uu.se




Genetische Algorithmen

Ahmt natiUrliche Auslese nach
Mehrere Schritte

Mehrere mogliche Lésungen in jedem
Schritt (Zufall)

Die "besten” Lésungen "Uberleben”

Ein Schritt des genetischen
Algorithmus

* Mutation

 Crossover (Kreuzung)
» Auslese (breeding)

Uwe.Menzel@math.uu.se

Mutationen

Zufallige Veranderung der bisherigen
Faltungen

Helices entstehen oder verschwinden

Mutationen kénnen gut oder schlecht sein
(wird in Ausleseschritt entschieden)

Crossover

» Faltungen haben gute und weniger gute
Abschnitte

+ Beispiel: 2 Faltungen mit jeweils einer
guten und einer “schlechten” Helix

» Kreuzung dieser beiden: 1 Faltung mit 2
guten & 1 Faltung mit 2 schlechten Helices

» Letztere wird im Ausleseschritt verworfen

Uwe.Menzel@math.uu.se

Auslese

Aufheben der guten und Verwerfen der
weniger guten Faltungen

Jeder Faltung wird ein Fitniss-Wert
zugeordnet

Fitness-Wert ist subjektiv (lange Helices
kénnen z. B. bevorzugt werden)

Implementation eines genetischen
Algorithmus zur RNA-Faltung

« Van Batenburg, J. theor. Biol. 1995

1. Berechnen aller méglichen Helices (wobei
viele nicht miteinander kompatibel sind)

2. "Stem-Array” — viele zuféllige Kombinationen
von Helices werden erzeugt

Uwe.Menzel@math.uu.se




Stem-Array

Van
Batenburg, J.
theor. Biol.
1995

viele zufallige
Kombinationen
von Helices

werden erzeugt
245. On the
y iA population of f
Each 1 in a column rep:

TABLE 2
Example of mutation in solutions
— lad2 TR
100000...0100—=100100...0100 Einsen in
000101...1010—=010101...0010 Nullen
umwandeln
that the und
i umgekehrt

TABLE 3
Example of crossover in one pair of
solutions Zufallig Paare
Crossover points aUSWéhlen,
100000... 0100 100101...1000 dann ZUfa”Ig
_ Crossover-

000101...1010 000000...0110

Punkte festlegen

Auslese

* Fitness-Kriterium: Summe der Stacking-
Energien fur eine Struktur

« Strukturen mit besserrer Fitness haben
grdéBere Chance, in die nachste
Generation tibernommen zu werden

Uwe.Menzel@math.uu.se

Darstellung von
Sekundarstrukturen

Uwe.Menzel@math.uu.se

RNA secondary structure
representation

Legal structure Pseudoknots ‘Ef
G




Wechselwirkung zwischen
Sekundarstrukturen

Uwe.Menzel@math.uu.se

Erkennen eines Pseudo-Knotens

Wechselwirkung zwischen
Sekundarstrukturen

These patterns are

Pseudo-knot
excluded from the

,,,,,,,,,,,,,,,,,, vueco TR prediction schemes |__|
ARGGC A ACUG ﬁﬁ as their computation |
A B UG AGC U is too intensive. —
et
Kissing : Hairpin-bulg
hairpins contact

Energy Minimization

Uwe.Menzel@math.uu.se

Predicting RNA Secondary
Structure

» According to base pairing rules only, (A-U, G-C and
wobble pairs G-U) sequences can potentially form
many different structures

« An energy value is associated with each possible
structure

 Predict the structure with the minimal free energy

(MFE)

Energy Minimization Methods

RNA folding is determined by biophysical
properties

Energy minimization algorithm predicts the correct
secondary structure by minimizing the free energy
AfG calculated as sum of individual contributions
of:

— loops

— base pairs

— secondary structure elements

Energies of stems calculated as stacking
contributions between neighboring base pairs




The stability of a particular secondary structure is a
function of several constraints:

1. The number of GC versus AU and GU base pairs.
(Higher energy bonds form more stable structures.)

2.The number of base pairs in a stem region.
(Longer stems result in more bonds.)

3.The number of base pairs in a hairpin loop region.
(Formation of loops with more than 10 or less than 5
bases requires more energy.)

4. The number of unpaired bases, whether interior loops
or bulges. (Unpaired bases decrease the stability

of the structure.)

Stability of secondary structure

* The stability of a secondary structure is quantified as the
amount of free energy released or used by forming base pairs.
* Positive free energy requires work to form a configuration;
negative free energies release stored work.

* Free energies are additive, so one can determine the total free
energy of a secondary structure by adding all the component free
energies (units are kilocalories per mole).

* The more negative the free energy of a structure, the more
likely is formation of that structure, because more stored energy
is released. This fact is used to predict the secondary structure of
a particular sequence.

* Discovering a base pair configuration with the minimum
possible free energy is the goal of most secondary structure
prediction algorithms.

Calculating Best Structure

+ Thermodynamic Stability: Given the energy tables
estimated by experimental techniques, the free energy
can be calculated for a structure

« sequence is compared against itself using a dynamic
programming approach

— similar to the maximum base-paired structure

— instead of using a scoring scheme, the score is based
upon the free energy values

» To compute the minimum free energy of a sequence,
empirical energy parameters are used.

» These parameters summarize free energy change
(positive or negative) associated with all possible
pairing configurations, including base pair stacks and
internal base pairs, internal, bulge and hairpin loops,
and various motifs which are know to occur with great
frequency.

RNA Folding by Energy Minimization

Fold of Xledk2 at 37 C. Up 9.5 keal from -190.4 keal/mole

50 100 150 200 250 SO0 350 400 450
I I | I | 1 I I I

100
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1. Ab initio structure prediction

« Simple method: maximizing the number of base
pairs (Nussinov et al, 1978)

Err i

i
i,j pair i unpaired Jj unpaired bifurcation

Ciy = max{ Ciy1 1+ 06(i,7),
Cij-1,
Cit1j,

2?,3};{(}2,/0 + Crt1,5}

simple case
8(i,j) =1

}




Base Pair Maximization — Nussinov
Algorithm

S(i+1,j—1) +1 [ifi,j base pair]
S(i+ 1,j)

S(i,j—1)

maX; k. S(i,k) + S(k + 1,7)

S(i,j) = max

)

j k k+1

i,j pair i unpaired j unpaired bifurcation

RNA folding: Dynamic Programming

There are only four possible ways that a secondary structure of
nested base pair can be constructed on a RNA strand from position i to j:

S(i+1J)

S(ij-1)

i -1

1. iis unpaired, added on to
a structure for i+1...j
S@.j) = S@+1,))

2. j is unpaired, added on to
a structure fori...j-1
S(@i.j) = SG,j-1)

RNA folding: Dynamic Programming

S(i+1j-1) S(ik) S(k+1/)

i+1

j 4. 1] paired, but not to each other;
the structure for i...j adds together
structures for 2 sub regions,

i

3. ij paired, added on to

a structure for i+1...j-1 i~~:]f and k+1-~-j‘ )
S(i.j) = S(i+1,j-D+e(r,r) S@.j) = max {S@R)+S(k+1,j)}
- i<k<j

RNA folding: Dynamic Programming

Since there are only four cases, the optimal score S(i,j) is just the
maximum of the four possibilities:

S@i+1,j) 1, unpaired
S, j-1) r; unpaired
S+ j=D+e(s,r) i, j base pair
1;I<1ka<)j({S(i’k) +S(k+1, )} i, j paired, but not to each other

S(i, j) = max

To compute this efficiently, we need to make sure that the scores for
the smaller sub-regions have already been calculated

Destabilizing energies of loops

Size Internal | Bulge | Hairpin
1 NA 3.8 NA
2 NA 2.8 NA
3 NA 3.2 5.6
4 1.7 3.6 5.5
5 1.8 4.0 5.6
6 2.0 44 53
7 22 4.6 5.8
8 2.3 4.7 54
30 3.7 6.1 7.7

Structure

Uwe.Menzel@math.uu.se




Structure

» An RNA molecule is composed of 4 types of
(ribo)nucleotides.

« Each nucleotide contains a phosphate group, a sugar
group (ribose) and a base. The polymer is formed by the
linkage of the phosphate groups. The non-planar 5
member ribose ring connects the phosphate to the base.

« Finally, the bases are connected to the ribose group.
Only the bases differ.

» The 4 different bases, adenine (A), cytosine (C), guanine

(G) and uracil (U) are illustrated below.

Structure

Cytosine Guaning

Faltung der RNA
‘ “ P

Ribose
(afve-carbon sugar)

URACIL ADENINE

Sequence— Structure— Function

5'GCGGAUUUAGM
CUCAGUPHUPHGGG
AGAGCG"CCAGA GCACGCAAGUUU
COMUGOMAAGYAUPS CUACCGGGCACC
CMUGGAGG™UC GUAAAUGUCCGA
CSMUGUGUSMUPSC CUAUGUCCA

GA™UCCACAGAA

UUCGACCA

5'GGACAUAUAAU
CGCGUGGAUAUG

tRNA Guanine Riboswitch
Batey, R. et al, 2004 Nature vol. 432, p. 412

Frank et al. 2000
RNA v 6 p1895

Features of RNA

* RNA typically produced as a single stranded
molecule (unlike DNA)

« Strand folds upon itself to form base pairs

» secondary structure of the RNA
— intermediary between a linear molecule and a three-
dimensional structure
— Secondary structure mainly composed of double-
stranded RNA regions formed by folding the single-
stranded RNA molecule back on itself




Hierarchical organization of RNA molecules

Primary structure:

> ACCACCUGCUGA ¥

Secondary Structure

Tertiary structure:

Anticodon
ASL: stem
Loop

}w

Tertiare Strukturen

) om
s -

A. B. C

Pseudoknoten Kissing hairpins Hairpin-bulge

Understanding RNA structure dot plot

k=6 ‘,'ﬁ;. i
@
)..
No base pairs
in this i
Simple stem loop: cden

-Single helix closed by the base
pair iej.
The other base pairs are (i+1) *(j-1) ...
(i+5) *(j-5) (6 total)
-The last base pair, shown in red,
closes a hairpin loop.
If k 1 closes a hairpin loop, there can be
no base pair k’ *I” such that k<k’<I’<l

Interior loop (or bulge):

isjand i’ *j’ close an interior
loop if i<i’<j’<j and max{i’-i, j5°}>1.

It is a bulge loop if min{i’-i,j-j’ }=1.

The yellow area is empty of base pair. \

Understanding RNA structure dot plot

°
O
.
ije
i1k F)
; Iz

Multi-branch loop:

Base pair i¢j closes a multi-branch
if and only if there is a k, i<k<j
such that both regions shaded

In green contain base pairs, and the
other shaded region is empty




Anmerkungen

» Computational complexity: N?

¢ Keine Pseudo-Knoten (would invalidate DP
algorithm)

* Methods that include pseudo knots:
Rivas and Eddy, JMB 285, 2053 (1999)
Orland and Zee, Nucl. Phys. B (2002)
These methods are at least N°

Context-Free Grammars

Uwe.Menzel@math.uu.se

SCFGs

» Stochastic Context Free Grammars (SCFGs)
have also been used to model RNA secondary
structure

» Examples
— tRNAScan-SE
— program created to find snoRNAs

+ Grammars are created by using a training set of
data, and then the grammars are applied to
potential sequences to see if they fit into the
language

Stochastic Context Free
Grammars

In analogy to HMMs, we assign probabilities to transitions:
Given grammar
Xy =8| | sy

X = Smi |- | Smn

Can assign probability to each rule, s.t.
P(Xi— sip) + ... + PXi > ;) = 1

Recall HMMs:
Forward: f(k) = P(O;...0,, m = k)
Backward: by(k) = P(O,,...O1 | m, = K)
Then,
P(0) = £f(K) = £p(m,=k) €,(O;) b;(K)

Analogue in SCFGs:

Inside: a(i, j, V) = P(x;...x; is generated by nonterminal V)

Outside: b(i, j, V) = P(x, excluding x;...x; is generated by S
and the excluded patrt is rooted at V)

An SCFG for simple Stem-loop

Structures
15% S—alSt (generate paired bases in the stem)
15% S—=tSa
25% S—cSg e
- . TG~
25% S—=gSec < A\\ATCCGTGAGATCAT
3% S—gSt / PITTTLTTT T
5% S—tSg A\ STAGGCACTCTAGTA
G c

10% S—1L 6T

75% L—NL

jr (generate a loop of length > 4)
25% L—NNNN

20% N—a
30% N—c
30% N—g

T (generate each nucleotide in the loop)
20% N—t




Decoding

* HMM: Viterbi Algorithm
» SCFG: CKY Algorithm

Uwe.Menzel@math.uu.se

GOAL HMM algorithm

Optimal parse Viterbi

Estimation Forward
Backward

Learning EM: Fw/Bck

Memory Complexity O(N K)

Time Complexity O(N K?)

SCFG and HMM algorithms

SCFG algorithm

Where K: # of states in the HMM

# of nonterminals in the SCFG

CYK

Inside
Outside

EM: Ins/Outs

O(N2 K)
O(N3 K3)

Thermodynamik

Uwe.Menzel@math.uu.se

Thermodynamics

Gibbs Free Energy, G

Describes the energetics of
molecules in agueous solution. The
change in free energy, AG, for a
chemical process, such as nucleic
acid folding, can be used to
determine the direction of the
process:

AG=0: equilibrium

AG>0: unfavorable process

AG<0: favorable process

Thus the natural tendency
for biomolecules in solution
is to minimize free energy of
the entire system
(biomolecules + solvent).

AG=AH-TAS

AH is enthalpy, AS is entropy,
and T is the temperature in
Kelvin.

Molecular interactions, such as
hydrogen bonds, van der Waals and
electrostatic interactions contribute
to the AH term. AS describes the
change of order of the system.
Thus, both molecular interactions as
well as the order of the system
determine the direction of a
chemical process.

For any nucleic acid solution, it is
extremely difficult to calculate the
free energy from first principle

Boltzmann-Verteilung

N; is the number of molecules in state i which has energy E; and degeneracy g;

N is the total number of molecules in the system

k is the Boltzmann constant

sometimes the above equation is written without the degeneracy factor g;. In this case

the index i will specify an individual state, rather than a set of g; states having the

same energy E;.

Because velocity and speed are related to energy, Equation 1 can be used to derive

relationships between temperature and the speeds of molecules in a gas.

The denominator in this equation is known as the canonical partition function.

Gas: E=m/2v2 — Beispielsweise kann feuchte Wasche bei Temperaturen von 20 °C

trocknen, da es in dieser Verteilungskurve einen geringen Anteil von Molekilen mit

der erforderlich hohen Geschwindigkeit gibt, welche sich aus dem

Flissigkeitsverband l6sen kénnen. Es wird also bei niedrigen Temﬁeraturen immer

eini%e Molekile geben, die schnell genug sind, die Anziehungskrafte durch ihre

Nachbarn zu Giberwinden und vom Ussiﬁen oder festen Aggregatzustand in den

%asférmigen Aggregatzustand lberzugehen, was man als Verdampfung bzw.
ublimation bezeichnet.

Boltzmann-Statistik

Gilt fur Systems, das im thermodynamischen Gleichgewicht an ein
Warmebad der Temperatur T gekoppelt ist (kanonisches Ensemble)

Gibt Wahrscheinlichkeit fur Zustand mit der Energie E;an

Anstelle von Wahrscheinlichkeiten lasst sich die Boltzmann-Statistik
auch durch Teilchenzahlen ausdriicken:

NJ = Zahl der Teilchen, die den Zustand j besetzen; N, = Teilchenzahl des
0O-ten Zustands; g; = Entartungsgrad des Zustands j (also die Anzahl von
Zustanden gleicher Energie E;




Free energy is determined by the sum over all
possible conformations

Free energy:

Partition function:

Sonstiges

Uwe.Menzel@math.uu.se

Ribosomen

» Ribosomes are complexes of RNA and protein that are
found in all cells.

» The ribosome functions in the process of translation.
Ribosomes catalyze the assembly of individual amino
acids into polypeptide chains; this involves binding a
messenger RNA and then using this as a template to join

together the correct sequence of amino acids.

Uwe.Menzel@math.uu.se

Cap

Struktur einer mRNA

The structure of a typical human protein coding mRNA including the untranslated regions (UTRs)

5'UTR Coding sequence (CDS) 3UTR PolyA
Start Stop! tail

"RNA-Welt”

« The RNA world hypothesis proposes that a world filled with life based on
ribonucleic acid (RNA) predated current life based on deoxyribonucleic acid
(DNA). RNA, which can both store information like DNA and act as an
enzyme, may have supported cellular or pre-cellular life. Some hypotheses
as to the origin of life present RNA-based catalysis and information storage
as the first step in the evolution of cellular life.

« The RNA world is proposed to have evolved into the DNA and protein world
of today. DNA, through its greater chemical stability, took over the role of
data storage while protein, which is more flexible in catalysis through the
great variety of amino acids, became the specialized catalytic molecules.
The RNA world hypothesis suggests that RNA in modern cells, in particular
rRNA (RNA in the ribosome which catalyzes protein production), is the
evolutionary remnant of the RNA world.

We finished the genome map, now we can’t

figure out how to fold it!
Science (1989) 243, p.786




Elemente, die zur Berechnung von S(5,11) beitragen
Free Energy !
A UACCCUGUGGUAU
i A0 ]0]0 |0 |00 |1
U 000|001 |2
AG AH T AS AH = enthalpy change l A 00|00 |1 |1 |2
o h . Zée:l gr?trrac::;echange ¢ 010100 |1 1 1
C 0 0 0 0 0 1
\ C 010 (0 |0 B
AH and AS are considered to be temperature independent and u 010100 1
allow free energy calculation at any temperature G 01010 11 I
U 010 011 |1
G 0 010 |1
G 00 |0
7 nloln




