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Chemistry of RNA
• RNA is a single-stranded heteropolymer
• Four bases:

– Adenine (A)   
– Guanine (G)
– Cytosine (C)
– Uracil (U)
The sugar phosphate backbone polymerizes
into a single stranded charged (-) polymer



Energy scales

• Crick-Watson: conjugate pairs
            C – G                              3kCal/mole
            A – U                               2kCal/mole
            G – U (the wobble pair)1.5kCal/mole
Pairings due to Hydrogen bonds between 

bases        RNA folding
Stacking of aromatic groups (hydrophobic)
Electrostatics (Mg   ions) controls 3d structure++



Base pairing

• Induces helical strands (like in DNA)
• Induces secondary structure of RNA

RNA folding problem: 
determine which bases 
are paired



• Functions of RNA: enzyme, regulation, etc...
• strongly depends on the pairings, the loops 

and the pseudoknots
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Must know all the pairings present in 
the RNA = Secondary Structure
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Pictures of RNA

Transfer RNA
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Ribosomal RNA

Nobel Prize in Chemistry 2009 
Ada Yonath, Weizmann Institute
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Planar Secondary structures
No Pseudoknots

• We work on 

• Planar Secondary structures = Arches

• Define             as the

• partition function of segment 
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Q0

Z(i, j)
(i, j)

Arch representation of the secondary structure of an RNA



2.2.2 Bases libres

Les bases libres forment des simple brins ou des boucles et on en distingue 4 types

selon ce que ces boucles relient.

Têtes d’épingle (hairpin loops)

La tête d’épingle est le type de boucle qui relie les deux segments d’une hélice.

{

{

{

(a)

(b)

(c)

Têtes d’épingle. (a) Représentation schématique (b) Représentation diagrammatique
(c) Représentation 3D

On lui attribue une pénalité d’initiation et une pénalité entropique dépendant de la

longueur de la tête d’épingle.
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2.2 Structure du modèle d’énergie

Le principe qui domine le repliement de l’ARN est la formation de paires de bases
successives, appelées hélices. La formation des ces hélices entrâıne en retour une certaine
organisation des bases non-appariées : celles-ci peuvent former des motifs différents et,
sur la base d’observations expérimentales, on en distingue classiquement quatre types
appelés renflements, têtes d’épingle, boucles internes et boucles multi-hélices. Je décris
dans cette section ces différents motifs et le principe de leur paramétrage.

2.2.1 Base appariées : Hélices

Il est systématiquement observé dans la nature que les structures d’ARN s’orga-
nisent autour de successions de paires de bases qui engendrent une structure hélicöıdale
régulière, à l’instar de l’ADN.

(a)

(b)

(c)

Hélices. (a) Représentation schématique (b) Représentation diagrammatique

(c) Représentation 3D
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Boucles internes (internal loops)

La boucle interne est le type de boucle qui relie deux hélices. Elle peut se voir comme

une tête d’épingle interrompue par une hélice. L’ensemble des bases libres qui la consti-

tuent est disjoint.

{

{

{ {

{ {

(a)

(b)

(c)

Boucles internes. (a) Représentation schématique (b) Représentation diagrammatique
(c) Représentation 3D

On attribue à la boucle interne une pénalité d’initiation et une pénalité ! Fbi(l1, l2), où

l1 et l2 sont le nombre de bases libres sur chacun de ses segments. Cette pénalité contient

un terme entropique dépendant de la longueur totale de la boucle l1 + l2 et une pénalité

d’asymétrie dépendant de |l1 - l2|. Pour les boucle internes su" samment courtes, des

termes correctifs dépendant de la séquence peuvent être ajoutés.

25

Boucles multi-hélices (multibranch loop )

La boucle multi-hélices est une boucle reliant au moins 3 hélices. Elle peut se voir

comme une tête d’épingle interrompue par au moins deux hélices.

(a)

(b)

{ { {

{
{

{

(c)

Boucles multi-hélices. (a) Représentation schématique (b) Représentation
diagrammatique (c) Représentation 3D

On lui attribue une pénalité d’initiation, à laquelle s’ajoutent de nouvelles pénalités

d’initiation pour chacune des k hélices issues de la boucle multi-hélices ainsi qu’une

pénalité entropique liée au nombre de bases libres constituant la boucle. Une boucle

multi-hélices dont sont issues k hélices sera par la suite appelée “boucle k-hélices”.
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Renflement (bulge)

Le renflement est une boucle nichée dans une hélice.

{

(a)

(b)

{

{

(c)

Renflements. (a) Représentation schématique (b) Représentation diagrammatique (c)
Représentation 3D

On lui attribue une pénalité d’initiation et un terme entropique dépendant du nombre

de bases libres le constituant. Comme pour les boucles internes, une dépendance à la

séquence peut être ajoutée pour les renflements suffisamment courts.
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Motifs of Planar Secondary Structures

helix

hairpin-loop

internal
loop

bulge

multiloop
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3.1 Introduction : les pseudo-nœuds

Dans le chapitre pr«ec«edent, ÒModèle dÕ«energie libreÓ, diff«erents motifs constitutifs
des structures secondaires, comme les h«elices ou les töetes dÕ«epingle, ont «et«e caract«eris«es et
param«etr«es. Un dÕentre eux a cependant «et«e laiss«e de cöot«e : le pseudo-nÏud. Le pseudo-
nÏud est un motif de repliement comprenant des bases libres et des paires de bases. Il
met en jeu au moins deux h«elices et se caract«erise par lÕapparition dÕun croisement dans
la repr«esentation diagrammatique des structures secondaires. Le pseudo-nÏud le plus
simple est le pseudo-nÏud ÒHÓ :

5’

3’

5’ 3’

5’

3’

(a)

(b) (c)

Le pseudo-nœud “H” (a) Représentation diagrammatique (b) Représentation

schématique (c) Représentation 3D
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Pseudoknots
• H-Pseudoknot

The H-hairpin

the Kissing Hairpin

loop-bulge



Pseudoknots

• Small number of pseudoknots
• Strongly constrain the 3d structure
• Very sensitive to Mg ions
• Constraints on the backbone to make a 

pseudoknot             energy penalty
• Less than 10% of all bases participate in 

pseudoknots

• Design or penalty?                                                                                                    
13



“Simplicity” of RNA interactions:
– Saturation of interactions
– Watson-Crick pairing

   Define 

Base pair energy

Chain rigidity• Approximation

sterically 
allowed 
configurations

Partition Function of Secondary Structures



where

• must do correctly the combinatorics
• any index appears once and only once 
(saturation)

Feynman diagrams



• If no crossings of the arches, it is possible 
to calculate exactly the partition function by 
recursion relations: MFold, Vienna Package

• Crossings = Pseudoknots = constraints on 
the backbone 

• Need a penalty for pseudoknots. 
• A natural classification comes from Matrix 

Field Theory: use the genus of the graph.
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Wick Theorem

• Simple representation: consider an RNA 
sequence of length L

• due to Wick theorem
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Wick Theorem

•   
• However, this form gives same weight to all 

pairings. No penalty for Pseudoknots.
• Experimentally, few pseudoknots.
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• We want to give a penalty to pseudoknots
• which does not depend on number of crossing
• which depends on “some” topological complexity of 

the pseudoknot
• additive

• Matrix field theory           the genus
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where φk(a, b) is an N ×N real symmetric matrix



• One can prove that the matrix field partition 
function is equal to 

• where g(pairing) is the genus of the pairing 
graph

• N is the size of the matrix
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Z =
�

all pairings

1
N 2g(pairing)

e−βE(pairing)

H. Orland, SPhT, Saclay

Monte Carlo method

• Idea: forget matrix fields, keep genus

• Work in pairing space (contact map)

• Introduce a chemical potential for the 
topology: 
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e−µ =
1

N2

Z =
�

possible pairings

e−βE(pairing)−µg(pairing)

Z =
�

possible pairings

e−βE(pairing)/N2g(pairing)



Topological classification of RNA 
folds

• An RNA fold can be characterized by its 
topology:

• Number of handles of embedding surface
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Genus 0: the Sphere
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d)

a) b)

c)



Genus 1: the Torus
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H. Orland, SPhT, Saclay RNA folding, Japan 2006

Genus 1: the Torus

¥   

43



Genus 2: the Bi-torus

•  

24



Genus 3

•     

25
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(pseudo-nœud H)

Only 4 primitive PK of genus 1

Primitive=Irreducible and 
non-nested

H PK

KHP 



H. Orland, SPhT, Saclay
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Tex

A
C

B

A

B

C

An exemple of 
ABCABC pseudo-knot
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(pseudo-nœud H)

Only 4 primitive PK of genus 1

Primitive=Irreducible 
and non-nested

H PK

KHP 



How to compute the genus?

g =
P − L

2
Double line graphs
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How to compute the genus?

g =
2− 2

2
= 0

g =
P − L

2
Double line graphs



How to compute the genus?

g =
2− 2

2
= 0

g =
3− 1

2
= 1

g =
P − L

2
Double line graphs



• Protein Data Bank (PDB): 850 RNA Structures
• Number of bases ranges from 22 ( H PK with 

genus 1) to 2999 (with genus 15)
• Maximum total genus is 18. Maximum genus of 

primitive PK is 8.
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Distribution of the number of RNA 
as a function of the genus



Free Energy Parametrization

• Stacking free energies
• Penalty for loop opening
• Penalty for bulges
• No Conformational Entropy (small loops)
• Penalty proportional to the genus of PK:
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µg

µ = 1.5 kCal/mol
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Results on a test database of 36 RNA with pseudoknots
sequence longueur HotKnots McQfold TT2NE+INN-HB TT2NE + M0

1u8d 68 0.69 0.69 0.88 0.88

AMV3 113 0.84 0.76 0.98 0.94

BBMV 116 0.81 0.86 1* 1*

BVDV 74 0.56* 0.72 0.96 0.85

Bp PK2 90 0.81 0.84 1 1

BWYV 50 1* 1* 1* 0.88

Bt-PrP 45 0.41 0.41 1 0.41

CGMMV 85 0.64 0.32 0.54 0.64

CcTMV 73 0.42* 0.53 0.53 0.42

CoxB3 73 0.68 0.92 0.92 0.96

EC PK4 52 1* 0.63 1 1

Ec-RpmI 72 0.58* 0.48 0.55 0.48

Ec PK1 30 1 1 1 1

Ec S15 67 1 0.94* 1 1

Ec alpha 108 0.45 0.61 0.62* 0.62

GLRaV-3 75 0.65 1 1 1

HAV 55 0.58 0.58 * 1* 1

HCV 229E 74 0.79 1 1 0.95

HDV 87 1* 0.75 1 1

HDV anti 91 1* 1 0.4 1*

Hs PrP 45 0 0.81* 0 0.45

IBV 56 1 0.94 1 1

Lp PK1 30 1* 0.40 1* 1

MMTV 34 1 1 1 1

MMTV-vpk 34 1 1 1 1

Mengo-PKC 26 0.37* 0.37 0.25* 1*

RSV 128 0.97 1 0.97 0.97*

SRV-1 38 1 1 1 1

T2 gene32 33 1 1* 1 1

T4 gene32 28 1* 0.63 1 1

TMV 74 0.52 0.48 0.48* 0.8

TYMV 74 0.7 0.72 0.72 1

Tt-LSU 65 0.95 0.85* 0.95 1*

minimalIBV 45 1 1 1 1

pKA-A 36 1 1 1 1

satRPV 73 0.59 0.81 0.81 1

moyenne 0.76 0.78 0.84 0.91

125

sensitivity= number of
correctly predicted pairs/
number of pairs in the real 
structure



• Average sensitivity over the database:

• In all cases, errors can be traced to steric 
constraints.
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sequence longueur HotKnots McQfold TT2NE+INN-HB TT2NE + M0

1u8d 68 0.69 0.69 0.88 0.88

AMV3 113 0.84 0.76 0.98 0.94

BBMV 116 0.81 0.86 1* 1*

BVDV 74 0.56* 0.72 0.96 0.85

Bp PK2 90 0.81 0.84 1 1

BWYV 50 1* 1* 1* 0.88

Bt-PrP 45 0.41 0.41 1 0.41

CGMMV 85 0.64 0.32 0.54 0.64

CcTMV 73 0.42* 0.53 0.53 0.42

CoxB3 73 0.68 0.92 0.92 0.96

EC PK4 52 1* 0.63 1 1

Ec-RpmI 72 0.58* 0.48 0.55 0.48

Ec PK1 30 1 1 1 1

Ec S15 67 1 0.94* 1 1

Ec alpha 108 0.45 0.61 0.62* 0.62

GLRaV-3 75 0.65 1 1 1

HAV 55 0.58 0.58 * 1* 1

HCV 229E 74 0.79 1 1 0.95

HDV 87 1* 0.75 1 1

HDV anti 91 1* 1 0.4 1*

Hs PrP 45 0 0.81* 0 0.45

IBV 56 1 0.94 1 1

Lp PK1 30 1* 0.40 1* 1

MMTV 34 1 1 1 1

MMTV-vpk 34 1 1 1 1

Mengo-PKC 26 0.37* 0.37 0.25* 1*

RSV 128 0.97 1 0.97 0.97*

SRV-1 38 1 1 1 1

T2 gene32 33 1 1* 1 1

T4 gene32 28 1* 0.63 1 1

TMV 74 0.52 0.48 0.48* 0.8

TYMV 74 0.7 0.72 0.72 1

Tt-LSU 65 0.95 0.85* 0.95 1*

minimalIBV 45 1 1 1 1

pKA-A 36 1 1 1 1

satRPV 73 0.59 0.81 0.81 1

moyenne 0.76 0.78 0.84 0.91

125

Hotknots McQfold TT2NE+modifiedTurner TT2NE+fitted energy

16 12 24 25

Number of structures predicted with sensitivity > 95%



Conclusion

• By using a good parametrization of the 
energy, one can make good predictions.

• One needs still a refined energy model to 
improve predictions

• Need to parallelize code to go to larger 
structures

• Need to include steric constraints in the 
algorithm

• Applications to miRNA and regulation
33


