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Review of basic properties of RNA

• RNA is a biopolymer 
– RNA (length ~ 70–3000): single stranded 
– DNA (length ~ 106–109): double stranded 
– Proteins (length ~ 102) 
– Polysaccharides (length ~ 103)



H. Orland, SPhT, Saclay RNA folding, Santa Barbara 2006

Central dogma of Biology

                 DNA (information storage) 

                              
                             RNA (information transmission) 

                              
                             Proteins (biological function)

transcription

translation



Several forms of RNA
• Messenger : mRNA (L ~ 1000) (only 5% of 

RNA) 
• Transfer: tRNA (L ~ 70) 
• Ribosomal: rRNA (L ~ 3000) 
• Micro: µRNA (L ~ 25) 
• Small interfering RNA: siRNA (L~25 ds) 
• Viral : can be very long (L ~ 1,000,000)

• Huge amounts of non-coding RNA transcribed from 
“junk” DNA: up to 80% 



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
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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 
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

list of paired bases



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

and the pseudoknots

11

Must know all the pairings present in 
the RNA = Secondary Structure



Pictures of RNA

Transfer RNA
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Ribosomal RNA

Nobel Prize in Chemistry 2009
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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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Arch representation of the secondary structure of an RNA
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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 di�érents 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 di�érents 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.
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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 su�samment courts.

27

Motifs of Planar Secondary Structures

helix

hairpin-loop

bulgeinternal
loop

multiloop
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Motifs of Planar Secondary Structures

helix

hairpin-loop
internal

loop

multiloop

bulge



3.1 Introduction : les pseudo-nœuds

Dans le chapitre précédent, “Modèle d’énergie libre”, di�érents motifs constitutifs
des structures secondaires, comme les hélices ou les têtes d’épingle, ont été caractérisés et
paramétrés. Un d’entre eux a cependant été laissé de côté : le pseudo-nœud. Le pseudo-
nœud est un motif de repliement comprenant des bases libres et des paires de bases. Il
met en jeu au moins deux hélices et se caractérise par l’apparition d’un croisement dans
la représentation diagrammatique des structures secondaires. Le pseudo-nœud le plus
simple est le pseudo-nœud “H” :

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 
• Less than 10% of all bases participate in 

pseudoknots

18



“Simplificity” 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 the combinatorics 
• any index appears once and only once 
(saturation)

Note: analogy between pairing 
graphs and Feynmann graphs



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)

Fig. 2b: Representation of the same RNA stretched.

which gluon lines cross are of higher order. We merely have to go to the large N expansion, and the diagrams are
classified by powers of 1/N2. Note that a somewhat similar formulation in terms of matrix theory has been used for
the meander problem [12].

Consider the quantity

Z(1, L) =
1

A(L)

∫ L∏

k=1

dϕke
−N

2

∑
ij

(V −1)ij tr(ϕiϕj) 1
N

tr
L∏

l=1

(1 + ϕl) (4)

Here ϕi (i = 1, · · · , L) denote L independent N by N Hermitian matrices and Πl(1 + ϕl) represents the ordered
matrix product (1 + ϕ1)(1 + ϕ2) · · · (1 + ϕL). All matrix products will be understood as ordered in this paper. The
normalization factor A(L) is defined by

A(L) =
∫ L∏

k=1

dϕke
−N

2

∑
ij

(V −1)ijtr(ϕiϕj) (5)

Let us refer to the row and column indices a and b of the matrices (ϕi)b
a as color indices, with a, b = 1, 2, · · · , N .

The matrix integral (4) defines a matrix theory with L matrices. We can either think of it as a Gaussian theory with a
complicated observable 1

N trΠl(1+ϕl), or alternatively, by raising 1
N trΠl(1+ϕl) = elog[ 1

N trΠl(1+ϕl)] into the exponent,
as a complicated matrix theory with the action (N

2

∑
ij(V

−1)ijtr(ϕiϕj)− log[ 1
N trΠl(1 +ϕl)]). Another trivial remark

is that we can effectively remove 1
N tr from (4).

The important remark is that the matrix theory [13] defined by (4) has the same topological structure as ’t Hooft’s
large N quantum chromodynamics. There are L types of gluons, and the gluon propagators are given by 1

N Vij . As
in large N quantum chromodynamics, each gluon propagator is associated with a factor of 1

N and each color loop is
associated with a factor of N. The reader familiar with matrix theory or large N quantum chromodynamics can see
immediately that the Gaussian matrix integral (4) evaluates precisely to the infinite series

Z(1, L) = 1 +
∑

<ij>

Vij +
∑

<ijkl>

VijVkl + · · · + 1
N2

∑

<ijkl>

VikVjl + · · · (6)

Some “typical” terms in this series correspond to the diagrams in fig. 3.

+ + + +  ...+   ...

Fig. 3: Graphical representation of a few terms of the partition function.

This differs from (2) only in that the terms with different topological character are now classified by inverse powers
of 1

N2 . Thus, the use of the large N expansion allows us to separate out the tertiary structure, represented in (6) for
example by the term 1

N2

∑
<ijkl>VikVjl, from the secondary structure.

Note that the ordered product Πl(1 + ϕl) ensures that the diagonal elements Vii of the matrix V do not appear in
Z(1, L). We have nevertheless already set Vii to 0.

The program proposed in this paper is thus to evaluate Z(1, L) with V an arbitrary matrix. Once Z(1, L) is known
we can then insert it into (3) to evaluate Z. The parameter 1

N serves as a convenient marker to distinguish the
tertiary structure from the secondary structure. What we offer here is a systematic way of generating refinements to
the calculation of Z, and hence the free energy F, to any desired accuracy in a well controlled approximation.

Since in Z(1, L) the quantities 1 and L represent arbitrary labels we can just as well define

Z(m, n) =
1

A(m, n)

∫ L∏

k=1

dϕke−
N
2 Σn

i,j=m(V −1)ijtr(ϕiϕj) 1
N

tr
n∏

l=m

(1 + ϕl) (7)
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Z = 1 +
∑

<ij>

Vij +
∑

<ijkl>

VijVkl + · · · +
∑

<ijkl>

VikVjl + · · · (2)

where < ij > denotes all pairs with j > i, < ijkl > all quadruplets with l > k > j > i, and so on. Then the partition
function is given by

Z =
∫ L∏

k=1

d3r⃗k

L−1∏

i=1

f(|r⃗i+1 − r⃗i|) Z (3)

The function f(r) can be taken to be, for example, δ(r − l) for a model in which the nucleotides are connected along
the RNA heteropolymer by rigid rods of length l, or e−(r−l)2/6σ2

for a model with elastic rods. Note that the saturation
of the hydrogen bond has been incorporated by the requirement l > k > j > i, and so on. Once the nucleotide at i
has interacted with the nucleotide at j it cannot interact with the nucleotide at k . Note that in (2), only the enthalpy
and combinatorics of pairings are included. The integration over the atomic coordinates in (3) accounts for the actual
topological feasibility of a given pairing and also for the entropic factor associated with loop formation.

Biologists are interested in the folded configuration essentially at room temperature. Since room temperature is
substantially less than the melting temperature (of order 800C, in other words, the characteristic energy scale of the
problem), we want to determine the ground state configuration of the RNA heteropolymer. In other words, once we
have obtained Z we would like to extract the term in Z that dominates as βε tends to infinity in (1).

We have given a simplified quantitative framework for the RNA folding problem. From a chemical point of view,
it would be appropriate to include also the stacking energies of couples of complementary base pairs, instead of
energies of single pairs of bases. However, in the following, we will stick with the latter. We will also concentrate on
the evaluation of the “pairing” partition function (2). We expect that the various effects we have ignored, such as
stacking , etc..., can be added later as “bells and whistles” to our approach. The stacking energies for instance can
be taken into account by utilizing a 16 × 16 interaction matrix between pairs of bases instead of the 4 × 4 matrix
ε(si, sj) we use here.

III. MATRIX THEORY

What is the connection with matrix theory?
Consider pulling apart the folded RNA structure given in fig. 2a.

Fig. 2a: Representation of the secondary structure of an RNA.

We obtain the structure of fig. 2b which to physicists are reminiscent of Feynman diagrams in a variety of subjects:
matrix theory, quantum chromodynamics, and so on.

For the sake of definiteness, let us borrow the terminology of quantum chromodynamics. The dotted lines are known
as gluon propagators, and the solid line as a quark propagator. The secondary structure corresponds to diagrams in
which the gluon lines do not cross over each other, while the tertiary structure corresponds to diagrams in which the
gluon lines do cross.

The crucial observation, originally made by ’t Hooft [11], is that there is a systematic relation between the topology
of a graph and its corresponding power of 1/N2. For instance, planar diagrams are of order 1/N0, and diagrams in

3
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Recursion relation
• Graphically, when one adds one base 

• with

22

V (i, j) = e��"(i,j)✓(|i� j|� 4)

Z(i, k + 1) = Z(i, k) +
k�

j=i

Vj,k+1Z(i, j � 1)Z(j + 1, k)

chain rigidity



• by iterating this recursion, one can generate all 
possible planar secondary structures, with the 
correct Boltzmann weights. 

• Algorithm scales as  
• One can include Entropies and Stacking Energies 

– MFOLD 
– Vienna Package

23

N3

} <60% success on tRNA

Determination of Pseudoknots is NP-complete



Wick Theorem

• Simple representation: consider an RNA 
sequence of length L 

• due to Wick theorem

24

Q0 =
1
N

Z LY

i=1

d�ie
� 1

2
P

i,j �iV
�1

ij �j

LY

i=1

(1 + �i)

Vij =
1
N

Z LY

i=1

d�ie
� 1

2
P

i,j �iV
�1

ij �j �i�j



Wick Theorem

•    
• However, this form gives same weight to all 

pairings. No penalty for Pseudoknots. 
• Experimentally, few pseudoknots.
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VijVkl + VikVjl + VilVjk =
1
N

Z LY

i=1

d�ie
� 1

2
P

i,j �iV
�1

ij �j �i�j�k�l



Pseudoknots

• 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 to account 
for mechanical constraint on backbone. 

26



• We want to give a penalty to pseudoknots 
• which does not depend on number of crossing 
• which depends on the topological complexity of the 

pseudoknot 
• additive 

• Matrix field theory           topology of graphs
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Q0 =
1
N

Z LY

i=1

d�ie
� 1

2
P

i,j �iV
�1

ij �j

LY

i=1

(1 + �i)

where �k(a, b) is an N ⇥N real symmetric matrix

Z(1, L) =
1

A(L)

Z LY

k=1

Y

ab

d�k(a, b)e
�N

2

P
i,j(V

�1)ijTr�i�j
1

N
Tr

LY

k=1

(1 + �k)



Double line graphs 
G.t’Hooft (1973)

• Matrix fields           double line graphs  

• If we use the rule:  

• Above graph: 

28

: NxN matrix
Propagator: 1/N 
Loop: N

N ⇥ 1
N

= 1

�i(a, b)



• Other graph 

• Arches are of order 1 

• Pseudo-knots are of higher order in 1/N
29

2 internal lines:  1/N2

2 Loops: N2

Order 1

2 internal lines: 1/N2

0 Loops: 1



• By looking at a few diagrams, Matrix Field 
Theory seems to do what we want:  
– Hartree (Planar) diagrams are of order 1 
– Pseudoknots are of higher order in 1/N 
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• One can prove that the matrix field partition 
function is equal to  

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

• each graph of the matrix theory carries a 
Boltzmann factor and is weighted by a 
factor  

31

Z =
�

all pairings

1
N2g(pairing)

e��E(pairing)

1

N2g



Topological classification of RNA 
folds

• An RNA fold can be characterized by its 
topology: 

• Genus: Minimum number of handles of 
embedding surface

32



Genus 0: the Sphere
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d)

a) b)

c)



Genus 1: the Torus

34

H. Orland, SPhT, Saclay RNA folding, Japan 2006

Genus 1: the Torus

•   
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Genus 2: the Bi-torus

•  
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Genus 3

•     

36
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Parallel pairings don’t change the genus

Graphology

�

�

�



Irreducibility and Nesting
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°™ @R

g

@R

Irreducible PK

°™ @R

g

@R Non nested PK

Genus is additive



(pseudo-nœud H)

Only 4 primitive PK of genus 1

Primitive=Irreducible and 
non-nested

H PK

KH
P 



H. Orland, SPhT, Saclay
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Text

A
C

B

A

B

C

An exemple of  
ABCABC pseudo-knot



How to compute the genus?

g =
2� 2

2
= 0

g =
3� 1

2
= 1

g =
P � L

2



• Protein Data Bank (PDB): 1025 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. 
• Transfer RNA (L=75) are KHP of genus 1
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H. Orland, SPhT, Saclay RNA folding, Santa Barbara 2006

Statistical study

• Look in database and calculate genii of 
pseudo-knots 

• PseudoBase: around 245 pseudo-knots; all 
are of genus 1, except 1 of genus 2 

• 237 H PK of the type ABAB 
• 6 KHP of the type ABACBC 
• 1 PK of the type ABCABC 
• 1 PK of type ABCDCADB with genus 2
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H. Orland, IPhT, Saclay
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f

g

Histogram of the number of RNA as a function of the genus



Genus as a function of sequence length

reflects the fact that complex pseudoknots are
built from many small primitive pseudoknots
with low genii.

We conclude by reporting in Table 3 the sorted list
of all the PDB files with non-zero genus according to
our classification. Note that our statistical analysis is
biased by the inherent bias of the PDB: the PDB
sometimes contains many structures of the same
molecules, and thus those utilized for the statistical
analysis are not independent.

Conclusion

We have shown that RNA structures can be
characterized by a topological number, namely their
genus. This genus is zero for secondary structures
(planar structures) and non-zero for pseudoknots.
We have shown how the complexity of the RNA
structure can be analyzed in terms of so-called
primitive pseudoknots. Any complex RNA struc-
ture can be uniquely decomposed as a sequence of
primitive pseudoknots concatenated sequentially

Table 3. List of the PDB files we considered in this paper with g≥1

Total genus PDB ID no. →content description

1 1b23, 1c0a, 1e8O, 1ehz, 1eiy, 1euq, 1euy, 1ew, 1f7u, 1f7v, 1fcw, 1ffy, 1fir, 1g59, 1gix-B, 1gix-C, 1grz,
1gtr, 1i9v, 1il2, 1j1u, 1jgo-D, 1jgp-D, 1jgq-D, 1mj1, 1n77, 1o0b, 1o0c, 1qf6, 1qrs, 1qrt, 1qru, 1qtq,
1qu2, 1qu3, 1ser, 1sz1, 1tn2, 1tra, 1ttt, 1yfg, 2csx, 2fk6, 2tra, 4tna, 4tra, 6tna, 1asy-R, 1asy-S,
1asz-zR, 1asz-S→ tRNA
2g1w→ tmRNA; 2tpk→mRNA; 1u6b-B, 1zzn-B→group I intron; 2a64→RNase P
1kpd, 1l2x, 1l3d, 1yg3, 2a43, 437d→viral RNA pseudoknots
1x8w→Tetrahymena ribozyme; 1ymo→human telomerase RNA
1grz→ fragment of rRNA; 1mzp→ fragment of 23S rRNA

2 1cx0, 1drz, 1sj3, 1sj4, 1sjf, 1vbx, 1vby, 1vbz, 1vc0, 1vc5, 1vc6, 1vc7→hepatitis delta virus ribozyme
1ddy, 1et4→vitamin B12 RNA aptamer; 1y0q→group I intron
1fka, 1pnx→16S rRNA; 1ffz, 1fg0→23S fragment of rRNA
1u8d, 1y26, 1y27→ riboswitch; 2a2e→subunit of RNase P

3 1i97, 1n34, 1voz, 1yl4-A→16S rRNA; 1s1h→18S rRNA
4 1ibm, 1fjg, 1hnw, 1hnx, 1hnz, 1hr0, 1i95, 1ibk, 1ibl, 1n32, 1n33, 1vov, 1vox, 1xmo, 1xmq, 1xnr,

1j5e→16S rRNA, 1q86→23S rRNA
5 1i94, 1i96, 1n36, 1voq, 1vos, 1xnq, 2avy, 2aw7→16S rRNA
6 1pns→16S rRNA; 1voy-B→23S rRNA
7 1c2w, 1vou-B, 1yl3-A→23S rRNA
8 1ffk-0, 1vow-B→23S rRNA
9 1vp0-B, 2aw4-B→23S rRNA
10 1njm, 1njn, 1njo, 1njp, 2awb-B→23S rRNA
11 1k01, 1p9x, 1pnu, 1pny→23S rRNA
12 1j5a, 1jzx, 1jzy, 1jzz, 1nwx, 1nwy, 1sm1, 1xbp, 1y69→23S rRNA
13 1nkw, 1ond, 2d3o→23S rRNA
14 1jj2, 1k73, 1k8a, 1k9m, 1kc8, 1kd1, 1kqs, 1m1k, 1m90, 1n8r, 1nji, 1q7y, 1q82, 1qvf, 1s72,

1vq4-0, 1vq5-0, 1vq7-0, 1vq8-0, 1vq9-0, 1vqk, 1vql, 1vqm, 1vqn, 1vqo, 1vqp, 1yhq, 1yi2,
1yij, 1yit, 1yj9, 1yjn, 1yjw, 2aar→23S rRNA

15 1q81, 1qvg, 1vq6→23S rRNA; 1s1i-3→5.8S/25S rRNA
16 —
17 2aw4-B→23S rRNA
18 2awb-B→23S rRNA

The notation xxxx-y indicates the chain number y in the PDB file accession number xxxx.

Fig. 10. Left, total genus as a function of the number of bases in the RNA molecule. The interpolating dashed line
emphasizes an overall linear behavior. Right, histogram distribution of the number n of primitive pseudoknots as a
function of their genus g for all RNA molecules in the wwPDB database.

909Topological Classification of RNA Structures

g

L



•      

• This PK of genus 7 is made of 3 HP, 3 KHP 
nested in a large KHP

46

pseudo-nœud H

kissing-hairpin



Exact enumeration of RNA 
structures.

• Model: RNA in which any base can pair with 
any other base. All pairing energies are 
identical 

• Partition function of the model can be written 
as a one matrix integral: 

• with only one NxN matrix 
47

Vij = v

ZN (L) =
1
A

Z
d� e�

N
2v Tr�2 1

N
Tr (1 + �)L
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• This integral can be calculated exactly using 
random matrix theory (orthogonal 
polynomials). 

• and the asymptotic behaviors are given by
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ZN (L) =
1X

g=0

aL(g)
N2g

aL(g) ⇡L!1 Kg(1 + 2v)LL3g�3/2

Kg =
1

34g�3/222g+1g!
p

⇡

number of graphs of 
length L of genus g



• The total number of diagrams with any genus 
is given by  

• the average genus is given by 

• for real RNA, the largest genus we found is 18 
for ribosomes (size around 3000 bp). The 
genus should be around 750. 

• if one includes self-avoidance of chain, we find
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N ⇡L!1 LL/2 e�L/2+
p

L�1/4

p
2

< g >L⇡ 0.25L

< g >L⇡ 0.13L



Free Energy Parametrization

• Stacking free energies 
• Penalty for loop opening 
• Penalty for bulges 
• No Conformational Entropy 
• Penalty proportional to the genus of PK:
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Voici un schéma explicatif de la façon de calculer l’énergie libre d’une hélice avec ce
modèle :
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Monte Carlo Method

52

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��E(pairing)�µg(pairing)

Z =
�

possible pairings

e��E(pairing)/N2g(pairing)

where

e�µ =
1

N2
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Possible moves

53

3)

2)

4)

5)

6)

C C’

1)

= i

= j
= others

When a pair is added or removed,  the energy is 
changed and the genus of the graph may have 
changed 



H. Orland, IPhT, Saclay

• Accept or reject move with probability 

• But Monte Carlo is not a good method for 
helices: high barriers to open a helix 

• Must use another algorithm for calculation of 
Free Energy
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p = e���E�µ�g



TT2NE: Structure Building
• Build a library of all possible favorable 

fragments of helices (negative free 
energies). The rest are unpaired segments. 

• Put as many helices as possible in a graph 
and join them by unpaired segments. 
Compute the genus and the free energy. 

• 2 helices are incompatible if 
– they share common bases 
– their concatenation produces an existing larger 

helix 
– they produce a sterically impossible structure
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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 di�érents 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 di�érents 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.
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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”.

26

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 su�samment courts.
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La boucle multi-hélices est une boucle reliant au moins 3 hélices. Elle peut se voir
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diagrammatique (c) Représentation 3D
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pénalité entropique liée au nombre de bases libres constituant la boucle. Une boucle
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24

2.2 Structure du modèle d’énergie
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régulière, à l’instar de l’ADN.

(a)

(b)

(c)
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l1 et l2 sont le nombre de bases libres sur chacun de ses segments. Cette pénalité contient
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25
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diagrammatique (c) Représentation 3D
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�

F
bi (l1 ,l2 ),

où
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• Minimum free energy structures can be 
obtained by: 
–  Exact enumeration for L<150 
–  Heuristic (limited depth graph exploration) for 

L<250 

57

       TT2NE 
http://ipht.cea.fr/rna/tt2ne.php

http://ipht.cea.fr/tt2ne.php


McGenus  
http://ipht.cea.fr/rna/mcgenus.php

• Do the same but with simulated tempering: 
run systems at several temperatures in 
parallel, and exchange systems at different 
temperatures. 

• Add or remove helix stochastically and 
accept or reject with Metropolis scheme 

• Possibility to give penalty for each topolgy 
• Works for sizes up to 1000 bases: tmRNA, 

etc...
58

http://ipht.cea.fr/tt2ne.php


59

Results on a test database  
of 50 RNA with pseudoknots 

l < 229

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

           public server at 
http://ipht.cea.fr/rna/mcgenus.php

PPV (positive predicted value) 
= number of correctly predicted 
pairs/number of pairs of the 
predicted structure

Sequences are named after their PseudoBase entry, except 1u8d and 1y0q which are named after their PDB entry. In column exp,
an X indicates whether the native has been found experimentally. For each algorithm, the sensitivity and the positive predicted value
(PPV) are shown. For example, on sequence 1u8d, TT2NE has a sensitivity of 88% and a PPV of 100%. For each sequence, the best
sensitivity predicted is emphasized in boldface. Stars are pointing to sequences where the correct structure is actually the second best
prediction. Column g indicates the genus of the native structure and gT , gHK , gMQ, gPK are the respective genii of the predictions of
TT2NE, HotKnots, McQfold and ProbKnot. All Mfolds prediction have genus 0, as Mfold generates only structures without pseudoknots.
Average 1 is the total number of base pairs correctly predicted in the whole database divided by respectively the total number of nativ
base pairs (average sensitivity) and the total number of base pairs predicted (average PPV). Average 2 is the usual average of sensitivy
and PPV values reported in the table (values used to perform the t-test). St-dev is the standard deviation of the observed distribution.

sequence exp l Mfold HotKnots McQfold ProbKnot TT2NE g gT gHK gMQ gPK

1u8d X 68 69 - 100 69 - 100 69 - 100 69 - 100 88 - 100 1 1 0 0 0
1y0q X 229 65 - 75 63 - 75 66 - 71 75 - 91 75 - 70 1 2 0 1 0

AMV3 X 113 84 - 86 84 - 86 76 - 81 84 - 80 87 - 85 1 1 0 0 0
BBMV 116 81 - 81 81 - 81 86 - 82 84 - 82 86 - 84 1 1 0 1 0
BMV3 X 138 84 - 86 27 - 66 27 - 70 84 - 80 100 - 97 1 1 0 0 0

Bp PK2 91 81 - 96 81 - 96 87 - 87 81 - 81 100 - 100 1 1 0 1 0
Bs glms X 158 42 - 43 44 - 46 76 - 85 76 - 83 65 - 57 2 3 0 0 0
BVDV 74 52 - 65 52 - 61 76 - 82 48 - 57 96 - 96 1 1 0 1 0
BWYV X 51 55 - 55 100 - 69 55* - 55 55 - 100 100 - 100 1 1 1 1 0
Bt-PrP 45 41 - 33 41 - 38 50 - 40 41 - 33 0 - 0 1 0 0 0 0
CcTMV 73 23 - 27 23 - 27 57 - 93 57 - 93 42 - 52 3 0 0 0 0
CGMMV 85 58 - 69 67 - 87 38 - 48 58 - 75 58 - 72 3 0 1 0 0
CoxB3 X 73 68 - 89 68 - 89 92 - 100 68 - 85 92 - 100 1 1 0 1 0

Ec alpha X 108 45 - 29 45 - 29 50 - 37 50 - 30 79 - 61 1 1 0 1 0
Ec PK1 X 31 0 - 0 100 - 90 100 - 90 30 - 33 100 - 90 1 1 1 1 1
EC PK4 X 52 0 - 0 68 - 100 52 - 71 68 - 100 100 - 100 1 1 0 0 0
Ec-RpmI X 72 68 - 90 20 - 26 51 - 71 79 - 100 58 - 60 1 1 1 0 0
Ec S15 X 67 58 - 62 100 - 73 58* - 62 58 - 55 100 - 73 1 1 1 0 0

GLRaV-3 75 65 - 59 65 - 59 100 - 76 65 - 56 100 - 76 1 1 0 1 0
GLV IRES X 78 21 - 22 100 - 85 30 - 30 39 - 36 100 - 85 1 2 2 0 1

HAV X 55 58 - 83 58 - 83 58 - 83 58 - 83 58* - 83 1 0 0 0 0
HCV 229E X 74 79 - 100 79 - 100 100 - 100 79 - 95 100 - 100 1 1 0 1 0

HDV X 87 65 - 70 41* - 44 75 - 75 79 - 85 93 - 84 2 2 0 1 0
HDV anti 91 16 - 14 16* - 14 100 - 80 41 - 38 72 - 58 1 2 0 1 1
Hs PrP 45 0 - 0 0 - 0 54 - 42 0 - 0 0 - 0 1 0 0 0 0
Hs Ma3 X 61 68 - 61 68 - 68 100 - 100 68 - 73 100 - 100 1 1 0 1 0
hTER X 121 21 - 31 32 - 33 16 -16 25 - 26 0 - 0 1 1 0 0 0
IBV X 56 55 - 66 100 - 100 94 - 100 55 - 62 94 - 100 1 1 1 1 0

Lp PK1 31 50 - 100 50* - 100 50 - 100 50 - 71 50* - 100 1 0 0 0 0
MengoPKC 26 37 - 60 0 - 0 37 - 60 0 - 0 100 - 100 1 1 0 0 0
minimalIBV X 45 64 - 91 100 - 94 100 - 94 64 - 68 100 - 94 1 1 1 1 0

Mm Edr X 45 52 - 62 100 - 86 100 - 82 52 - 58 100 - 86 1 1 1 1 0
MMTV X 34 0 - 0 100 - 91 100 - 91 0 - 0 100 - 91 1 1 1 1 0

Mo MuLV X 62 0 - 0 53 - 42 100 - 78 0 - 0 93 - 66 1 1 1 1 0
pKA-A X 36 50 - 66 100 - 92 100 - 92 50 - 85 100 - 92 1 1 1 1 0

PSIV IRES X 203 72 - 68 29 - 68 31 - 100 72 - 68 75 - 75 3 1 0 0 0
R2 retro X 76 62 - 62 87 - 77 25 - 26 41 - 45 66 - 59 1 2 1 1 0

RSV X 128 74 - 76 97 - 82 100 - 95 76 - 78 94 - 88 1 1 1 1 0
satRPV X 73 59 - 68 59 - 68 81 - 81 59 - 65 81 - 81 1 1 0 1 0
SRV-1 X 38 0 - 0 100 - 100 100 - 100 0 - 0 100 - 100 1 1 1 1 0
TEV X 94 21 - 31 21 - 31 28 - 53 32 - 60 28 - 47 3 0 0 0 0

T2 gene32 X 33 58 - 70 100 - 100 100 - 100 58 - 70 100 - 100 1 1 1 1 0
T4 gene32 X 28 63 - 87 63* - 87 63 - 100 63 - 100 100 - 100 1 1 0 0 0

TMV X 74 52 - 65 52 - 61 52 - 65 56 - 60 48 - 54 3 1 0 0 0
Tt-LSU X 65 60 - 75 95 - 100 60- 100 60 - 80 95 - 100 1 1 1 0 0
TYMV X 74 72 - 78 70 - 73 72 - 78 72 - 78 72 - 69 1 1 0 0 0
VMV X 69 50 - 41 50 - 41 100 - 60 50 - 35 100 - 70 1 1 0 1 0

average1 55 - 60 60 - 67 66 - 75 60 - 64 78 - 76
average2 50 - 58 63 - 67 68 - 77 54 - 63 80 - 78
st-dev 26 - 32 32 - 32 29 - 25 24 - 30 30 - 28

1

Sequences are named after their PseudoBase entry, except 1u8d and 1y0q which are named after their PDB entry. In column exp,
an X indicates whether the native has been found experimentally. For each algorithm, the sensitivity and the positive predicted value
(PPV) are shown. For example, on sequence 1u8d, TT2NE has a sensitivity of 88% and a PPV of 100%. For each sequence, the best
sensitivity predicted is emphasized in boldface. Stars are pointing to sequences where the correct structure is actually the second best
prediction. Column g indicates the genus of the native structure and gT , gHK , gMQ, gPK are the respective genii of the predictions of
TT2NE, HotKnots, McQfold and ProbKnot. All Mfolds prediction have genus 0, as Mfold generates only structures without pseudoknots.
Average 1 is the total number of base pairs correctly predicted in the whole database divided by respectively the total number of nativ
base pairs (average sensitivity) and the total number of base pairs predicted (average PPV). Average 2 is the usual average of sensitivy
and PPV values reported in the table (values used to perform the t-test). St-dev is the standard deviation of the observed distribution.

sequence exp l Mfold HotKnots McQfold ProbKnot TT2NE g gT gHK gMQ gPK

1u8d X 68 69 - 100 69 - 100 69 - 100 69 - 100 88 - 100 1 1 0 0 0
1y0q X 229 65 - 75 63 - 75 66 - 71 75 - 91 75 - 70 1 2 0 1 0

AMV3 X 113 84 - 86 84 - 86 76 - 81 84 - 80 87 - 85 1 1 0 0 0
BBMV 116 81 - 81 81 - 81 86 - 82 84 - 82 86 - 84 1 1 0 1 0
BMV3 X 138 84 - 86 27 - 66 27 - 70 84 - 80 100 - 97 1 1 0 0 0

Bp PK2 91 81 - 96 81 - 96 87 - 87 81 - 81 100 - 100 1 1 0 1 0
Bs glms X 158 42 - 43 44 - 46 76 - 85 76 - 83 65 - 57 2 3 0 0 0
BVDV 74 52 - 65 52 - 61 76 - 82 48 - 57 96 - 96 1 1 0 1 0
BWYV X 51 55 - 55 100 - 69 55* - 55 55 - 100 100 - 100 1 1 1 1 0
Bt-PrP 45 41 - 33 41 - 38 50 - 40 41 - 33 0 - 0 1 0 0 0 0
CcTMV 73 23 - 27 23 - 27 57 - 93 57 - 93 42 - 52 3 0 0 0 0
CGMMV 85 58 - 69 67 - 87 38 - 48 58 - 75 58 - 72 3 0 1 0 0
CoxB3 X 73 68 - 89 68 - 89 92 - 100 68 - 85 92 - 100 1 1 0 1 0

Ec alpha X 108 45 - 29 45 - 29 50 - 37 50 - 30 79 - 61 1 1 0 1 0
Ec PK1 X 31 0 - 0 100 - 90 100 - 90 30 - 33 100 - 90 1 1 1 1 1
EC PK4 X 52 0 - 0 68 - 100 52 - 71 68 - 100 100 - 100 1 1 0 0 0
Ec-RpmI X 72 68 - 90 20 - 26 51 - 71 79 - 100 58 - 60 1 1 1 0 0
Ec S15 X 67 58 - 62 100 - 73 58* - 62 58 - 55 100 - 73 1 1 1 0 0

GLRaV-3 75 65 - 59 65 - 59 100 - 76 65 - 56 100 - 76 1 1 0 1 0
GLV IRES X 78 21 - 22 100 - 85 30 - 30 39 - 36 100 - 85 1 2 2 0 1

HAV X 55 58 - 83 58 - 83 58 - 83 58 - 83 58* - 83 1 0 0 0 0
HCV 229E X 74 79 - 100 79 - 100 100 - 100 79 - 95 100 - 100 1 1 0 1 0

HDV X 87 65 - 70 41* - 44 75 - 75 79 - 85 93 - 84 2 2 0 1 0
HDV anti 91 16 - 14 16* - 14 100 - 80 41 - 38 72 - 58 1 2 0 1 1
Hs PrP 45 0 - 0 0 - 0 54 - 42 0 - 0 0 - 0 1 0 0 0 0
Hs Ma3 X 61 68 - 61 68 - 68 100 - 100 68 - 73 100 - 100 1 1 0 1 0
hTER X 121 21 - 31 32 - 33 16 -16 25 - 26 0 - 0 1 1 0 0 0
IBV X 56 55 - 66 100 - 100 94 - 100 55 - 62 94 - 100 1 1 1 1 0

Lp PK1 31 50 - 100 50* - 100 50 - 100 50 - 71 50* - 100 1 0 0 0 0
MengoPKC 26 37 - 60 0 - 0 37 - 60 0 - 0 100 - 100 1 1 0 0 0
minimalIBV X 45 64 - 91 100 - 94 100 - 94 64 - 68 100 - 94 1 1 1 1 0

Mm Edr X 45 52 - 62 100 - 86 100 - 82 52 - 58 100 - 86 1 1 1 1 0
MMTV X 34 0 - 0 100 - 91 100 - 91 0 - 0 100 - 91 1 1 1 1 0

Mo MuLV X 62 0 - 0 53 - 42 100 - 78 0 - 0 93 - 66 1 1 1 1 0
pKA-A X 36 50 - 66 100 - 92 100 - 92 50 - 85 100 - 92 1 1 1 1 0

PSIV IRES X 203 72 - 68 29 - 68 31 - 100 72 - 68 75 - 75 3 1 0 0 0
R2 retro X 76 62 - 62 87 - 77 25 - 26 41 - 45 66 - 59 1 2 1 1 0

RSV X 128 74 - 76 97 - 82 100 - 95 76 - 78 94 - 88 1 1 1 1 0
satRPV X 73 59 - 68 59 - 68 81 - 81 59 - 65 81 - 81 1 1 0 1 0
SRV-1 X 38 0 - 0 100 - 100 100 - 100 0 - 0 100 - 100 1 1 1 1 0
TEV X 94 21 - 31 21 - 31 28 - 53 32 - 60 28 - 47 3 0 0 0 0

T2 gene32 X 33 58 - 70 100 - 100 100 - 100 58 - 70 100 - 100 1 1 1 1 0
T4 gene32 X 28 63 - 87 63* - 87 63 - 100 63 - 100 100 - 100 1 1 0 0 0

TMV X 74 52 - 65 52 - 61 52 - 65 56 - 60 48 - 54 3 1 0 0 0
Tt-LSU X 65 60 - 75 95 - 100 60- 100 60 - 80 95 - 100 1 1 1 0 0
TYMV X 74 72 - 78 70 - 73 72 - 78 72 - 78 72 - 69 1 1 0 0 0
VMV X 69 50 - 41 50 - 41 100 - 60 50 - 35 100 - 70 1 1 0 1 0

average1 55 - 60 60 - 67 66 - 75 60 - 64 78 - 76
average2 50 - 58 63 - 67 68 - 77 54 - 63 80 - 78
st-dev 26 - 32 32 - 32 29 - 25 24 - 30 30 - 28

1

http://ipht.cea.fr/tt2ne.php


• For 590 sequences of tmRNA) (200 < l < 
500), all previous methods yield sensitivity < 
43% while McGenus yields 58%.  

• A representative set of sequences of size 
between 200 and 300 achieve around 80% 
sensitivity. 

• In all cases, errors can be traced back to 
steric constraints.
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http://ipht.cea.fr/rna/mcgenus.php

http://ipht.cea.fr/tt2ne.php
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UGGCCGGCAUGGUCCCAGCCUCCUCGCUGGCGCCGGCUGGGCAACAUUCCGAGGGGACCGUCCCCUCGGUAAUGGCGAAUGGGACCCAUGGCCGGCAUGGUCCCAGCCUCCUCGCUGGCGCCGGCUGGGCAACAUUCCGAGGGGACCGUCCCCUCGGUAAUGGCGAAUGGGACCCA

genus = 2

UGGCCGGCAUGGUCCCAGCCUCCUCGCUGGCGCCGGCUGGGCAACAUUCCGAGGGGACCGUCCCCUCGGUAAUGGCGAAUGGGACCCA
UGGCCGGCAUGGUCCCAGCCUCCUCGCUGGCGCCGGCUGGGCAACAUUCCGAGGGGACCGUCCCCUCGGUAAUGGCGAAUGGGACCCA
((.(((((.((((.(((((......))))).))))))))).)).((((((((((((((.((((((((((....(((...[[[[.
[[[[[.(((((([[[.
[[[[[[[[.....)))))))))]]]]]]].].]]].)))))))))).)))))))))).))))....]]]]].]]]]

HDV RNA 
S=93% 
PPV=84%

http://ipht.cea.fr/rna/mcgenus.php

http://ipht.cea.fr/tt2ne.php


What about real knots?
• In polymer, probability of unknot:

• Very frequent in ds DNA (viral) and very 
complex (up to 20 minimal crossings)

• Around 2% of all the PDB proteins are 
knotted (mostly trefoil but one 6-knot)

• What about RNA???

P0(n) = e�(n�n0)/nc



• Look into PDB: 1041 RNA alone, 1801 
hybridized

• In total, 6219 distinct RNA chains

• Each chain circularized using the minimally 
invasive scheme

• Compute Alexander polynomial and Dowker 
code



• Only three knotted structures!

• a 16 crossing prime knot in 3JYX5 
(comprising 3170 nucleotides)

• a       prime knot in 2GYA0 (comprising 2740 
nucleotides)

• a figure of 8 knot and three trefoil knots in 
1C2W:B

41

all solved by cryo-em



The Trefoil knot

The 41 knot



3JYX5

Genus=5
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Fig. 1. RNA dataset properties. Panels (a) and (b) show respectively the dis-
tribution of lengths (number of phosphates) and categorized subdivision (based on
the PDB COMPND field) of all 5,466 RNA structures with more than 5 phosphates
currently available in the PDB.

abound in RNA molecules and which can have important func-
tional implications [34–37]. In particular, several e↵orts are
being spent to clarify how exactly pseudoknots can hinder
RNA translocation through the ribosomal pore and cause a
shift in the codon reading frame [36,38–40].

Qualitatively however, pseudoknots are very di↵erent from
physical knots. In fact, as their name suggest, they are not
real knots: by pulling on the ends of a chain, any pseudoknot
will progressively yield until the chain is fully stretched, while
physical knots will never disappear but rather tighten up.

Clearly, the impact of knots on RNA mechanical resis-
tance, and hindrance to translocation can be much more dra-
matic than that of pseudoknots. For this reason, and for the
general connection between RNA structure and function, it
is important to assess the abundance of knots in naturally-
occurring RNAs and shed light on their biological relevance
and implications [41].

In this respect it is important to recall the seminal study
of Wang et al. [42], who succeeded in designing an RNA se-
quence of 104 nucleotides capable of folding into a knotted
structure. The study not only gave a proof of concept that
RNA can be knotted but also established that the Escherichia

coli DNA topoisomerase III could catalyze the interconversion
of knotted and unknotted forms of the synthetic RNA. It is
therefore intriguing that knots have not yet been reported for
naturally occurring RNAs, with the possible exception of a
Chlorella virus intron. [41].

Results and Discussion
These considerations motivated us to carry out a systematic
search for the occurrence of physical knots on all the RNA
structures that are presently available in the PDB. To this

purpose we considered all currently available PDB entries and
isolated 2,863 of them involving RNA either alone or in asso-
ciation with proteins and DNA or hybridized with DNA. Of
all distinct RNA chains covered by these entries we retained
the 5,466 structures whose backbone comprises more than 5
phosphates and hence could, in principle, be knotted [43]. The
entries are listed in Dataset S1 and their length distribution
and categorized subdivision are given in Fig. 1.

The backbone (P-atoms trace) of each RNA chain was cir-
cularized “in silico” using the so-called minimally-interfering
closure scheme [44]. This algorithm turns the linear, open,
backbone of the molecule into a closed structure which hence
has a mathematically well-defined topological state. The
knotted state of the closed backbone was finally established
by computing suitable topological invariants, see Methods.

In our systematic survey we found only three instances
of RNA molecules that accommodate physical knots in their
backbone. These knotted structures, and their properties, are
listed in Table 1 in order of increasing topological complexity.

The first instance corresponds to the figure-of-eight, or
41, knot and is found in the Escherichia coli 23S ribosomal
RNA [45]. The second instance is a much more complex 16-
crossings prime knot which is present in the Thermomyces

lanuginosus 26S ribosomal unit [46]. The two molecules con-
sist of about 2, 800 and 3, 200 nucleotides, respectively. Fi-
nally, the third knotted structure is, again, an Escherichia

coli 23S ribosomal RNA [45, 47]. Unlike the first instance,
however, it features a composite knot formed by the succes-
sion of four separate prime knotted components: a 41 knot
plus three trefoil, or 31, knots.

We start by discussing the complex knot found for the
26S ribosomal unit, which is shown in Fig. 2. In this figure,
panel (a) represents the whole molecule, while the “essential”
knotted region is shown in panels (b) and (c). This essen-
tial region was obtained by shortcutting helices that do not
contribute to the topological entanglement of the molecule,
so as to make its knotted state readily perceivable by visual
inspection. Panel (d), instead, is a minimal diagrammatic rep-
resentation of the closed physical knot. As it is apparent from
panels (c) and (d), the high nominal complexity of this entan-
glement, which is measured through the number of crossings
in the simplest diagrammatic projection, mostly arises be-
cause of the clasp formed by two helices located at the top of
panel (c). The nucleotides at the clasp have a large sequence
separation, about 2,000 nucleotides, which underscores the
significant non-locality of the knot. It is important to notice
that the knot would persist even if this clasp was removed
by a suitable strand passage. In fact, in this case, the origi-
nal sixteen-crossings knot would simplify to a seven-crossing

(a)! (b)! (c)! (d)!
Fig. 2. Knotted 26S ribosomal RNA structure from PDB entry 3JYX:5. The complete structure is given in panel (a) and is colored according to a rainbow scheme, red!
yellow ! green ! blue, across the two termini. The essential knotted region, tied in a 16-crossings knot, is highlighted in panel (b) and is isolated in panel (c) where the
essential crossings are colored in cyan. Panel (d) shows the minimal ring diagram of the associated 16-crossings knot (produced with Knotscape by M. Thislethwaite).

2 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author
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Fig. 1. RNA dataset properties. Panels (a) and (b) show respectively the dis-
tribution of lengths (number of phosphates) and categorized subdivision (based on
the PDB COMPND field) of all 5,466 RNA structures with more than 5 phosphates
currently available in the PDB.

abound in RNA molecules and which can have important func-
tional implications [34–37]. In particular, several e↵orts are
being spent to clarify how exactly pseudoknots can hinder
RNA translocation through the ribosomal pore and cause a
shift in the codon reading frame [36,38–40].

Qualitatively however, pseudoknots are very di↵erent from
physical knots. In fact, as their name suggest, they are not
real knots: by pulling on the ends of a chain, any pseudoknot
will progressively yield until the chain is fully stretched, while
physical knots will never disappear but rather tighten up.

Clearly, the impact of knots on RNA mechanical resis-
tance, and hindrance to translocation can be much more dra-
matic than that of pseudoknots. For this reason, and for the
general connection between RNA structure and function, it
is important to assess the abundance of knots in naturally-
occurring RNAs and shed light on their biological relevance
and implications [41].

In this respect it is important to recall the seminal study
of Wang et al. [42], who succeeded in designing an RNA se-
quence of 104 nucleotides capable of folding into a knotted
structure. The study not only gave a proof of concept that
RNA can be knotted but also established that the Escherichia

coli DNA topoisomerase III could catalyze the interconversion
of knotted and unknotted forms of the synthetic RNA. It is
therefore intriguing that knots have not yet been reported for
naturally occurring RNAs, with the possible exception of a
Chlorella virus intron. [41].

Results and Discussion
These considerations motivated us to carry out a systematic
search for the occurrence of physical knots on all the RNA
structures that are presently available in the PDB. To this

purpose we considered all currently available PDB entries and
isolated 2,863 of them involving RNA either alone or in asso-
ciation with proteins and DNA or hybridized with DNA. Of
all distinct RNA chains covered by these entries we retained
the 5,466 structures whose backbone comprises more than 5
phosphates and hence could, in principle, be knotted [43]. The
entries are listed in Dataset S1 and their length distribution
and categorized subdivision are given in Fig. 1.

The backbone (P-atoms trace) of each RNA chain was cir-
cularized “in silico” using the so-called minimally-interfering
closure scheme [44]. This algorithm turns the linear, open,
backbone of the molecule into a closed structure which hence
has a mathematically well-defined topological state. The
knotted state of the closed backbone was finally established
by computing suitable topological invariants, see Methods.

In our systematic survey we found only three instances
of RNA molecules that accommodate physical knots in their
backbone. These knotted structures, and their properties, are
listed in Table 1 in order of increasing topological complexity.

The first instance corresponds to the figure-of-eight, or
41, knot and is found in the Escherichia coli 23S ribosomal
RNA [45]. The second instance is a much more complex 16-
crossings prime knot which is present in the Thermomyces

lanuginosus 26S ribosomal unit [46]. The two molecules con-
sist of about 2, 800 and 3, 200 nucleotides, respectively. Fi-
nally, the third knotted structure is, again, an Escherichia

coli 23S ribosomal RNA [45, 47]. Unlike the first instance,
however, it features a composite knot formed by the succes-
sion of four separate prime knotted components: a 41 knot
plus three trefoil, or 31, knots.

We start by discussing the complex knot found for the
26S ribosomal unit, which is shown in Fig. 2. In this figure,
panel (a) represents the whole molecule, while the “essential”
knotted region is shown in panels (b) and (c). This essen-
tial region was obtained by shortcutting helices that do not
contribute to the topological entanglement of the molecule,
so as to make its knotted state readily perceivable by visual
inspection. Panel (d), instead, is a minimal diagrammatic rep-
resentation of the closed physical knot. As it is apparent from
panels (c) and (d), the high nominal complexity of this entan-
glement, which is measured through the number of crossings
in the simplest diagrammatic projection, mostly arises be-
cause of the clasp formed by two helices located at the top of
panel (c). The nucleotides at the clasp have a large sequence
separation, about 2,000 nucleotides, which underscores the
significant non-locality of the knot. It is important to notice
that the knot would persist even if this clasp was removed
by a suitable strand passage. In fact, in this case, the origi-
nal sixteen-crossings knot would simplify to a seven-crossing

(a)! (b)! (c)! (d)!
Fig. 2. Knotted 26S ribosomal RNA structure from PDB entry 3JYX:5. The complete structure is given in panel (a) and is colored according to a rainbow scheme, red!
yellow ! green ! blue, across the two termini. The essential knotted region, tied in a 16-crossings knot, is highlighted in panel (b) and is isolated in panel (c) where the
essential crossings are colored in cyan. Panel (d) shows the minimal ring diagram of the associated 16-crossings knot (produced with Knotscape by M. Thislethwaite).

2 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author
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Achiral twist knot
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(a)! (b)! (c)! (d)!
Fig. 3. Knotted 23S ribosomal RNA structure from PDB entry 2GYA:0. The complete structure is given in panel (a) and is colored according to a rainbow scheme across
the two termini. The knotted region, tied in a figure-of-eight or 41 knot, is highlighted in panel (b) and is isolated in panel (c) where the essential crossings are colored in red.
Panel (d) shows the minimal ring diagram of the associated 41 knot (produced with Knotscape by M. Thislethwaite).

one (72) which can finally be untied by a further virtual strand
passage. The two regions which are arguably naturally primed
for such simplifying strand-passages are listed in Table 1 and
highlighted in cyan in Fig. 2c.

We now turn to the two knotted 23S units from Es-

cherichia coli, starting from chain 2GYA:0 which is shown
in Fig. 3a. The entangled region of this molecule spans as
few as 130 nucleotides and its knotted state, corresponding
to a simple figure-of-eight (41) knot, is clearly seen in the
excerpted knotted region of Fig. 3c. The featured figure-of-
eight knot is an achiral twist knot. These kind of knots are
easily produced by a single strand passage in rings that are
repeatedly twisted. It is intriguing to notice: (i) the anal-
ogy of this mechanism with the strand passages occurring in
RNA helices as in the previous case and (ii) this mechanism
is utterly di↵erent from the one emerging in densely packed
double-stranded DNA, where torus knots are abundant and
twist knots rare [22,23]. Unlike the discussed 26S case, a single
strand passage su�ces to untie the observed 41 knot. One of
the possible essential crossings, where the untying strand pas-
sage could be performed, is listed in Table 1 and highlighted
in red in Fig. 3c.

The other knotted instance of the 23S unit, corresponding
to the 1C2W:B chain, is finally shown in Fig. 4. It features a
composite knot resulting from the concatenation of four sepa-
rate prime components: a figure-of-eight knot and three trefoil
ones, see Fig. 4b. The entanglement of the shortest compo-
nent, which consists of only ⇠ 40 nucleotides is clearly visible
in the backbone trace of Fig. 4c.

In connection with the complexity of RNA self-
entanglement, it is worth recalling that it has been proposed
to classify RNA structures by their topological genus [48,49].
The genus provides a useful characterization of the complex-
ity of pseudoknots and can be used for secondary structure
prediction [50, 51]. It is thus interesting to ascertain if it cor-
relates with the nominal complexity of the knots found in the
RNA. Accordingly, we used the RNApdbee web server [52],
to extract the secondary structures of the RNA from their
PDB files and then computed the corresponding genii using
the computational engine of the McGenus web server [51]. We
found that the two 23S ribosomal units, 2GYA:0 and 1C2W:B,
have genus respectively equal to g = 6 and g = 7, while the
knotted 26S ribosomal unit has genus equal to g = 5. As was
shown in [49], these genii are fairly small, but still compatible
with the typical size of 3, 000 nucleotides of these RNAs.

The fact that only three out of thousands of RNA
molecules are knotted indicates the extreme paucity of non-
trivial entanglement in naturally-occurring RNAs. In fact,

the knots incidence is so low that one may doubt whether the
three exceptional structures are genuinely knotted.

This point is particularly pertinent because both the 23S
and 26S ribosomal RNAs were solved by cryo-electron mi-
croscopy (cryo-em). This technique has proved invaluable for
gaining quantitative insight into the structural organization of
large and complex biomolecular structures, though its scope
can be limited in practice by two main factors. First, the
electronic flux impacting the molecules may be high enough
to alter their structures. Secondly, the resolution of cryo-em
maps is appreciably lower than in conventional crystallogra-
phy and hence is prone to ambiguous model reconstruction
without suitable knowledge-based constraints. For a better
control of the latter ambiguities, several order parameters are
usually monitored to establish the local quality of the model
fit of the electron density map.

Such quality parameters are available for PDB entries
2GYA:0 and 3JYX:5. In both cases, the regions correspond-
ing to the knots’ “essential crossings” fall within, or close to,
the range of nucleotides where the model fitting was marked
as deviating appreciably from the target electron density map.
It is therefore plausible that the unknotted structure obtained
by eliminating the essential crossings could provide a better
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Fig. 4. Knotted 23S ribosomal RNA structure from PDB entry 1C2W:B. The com-
plete structure is given in panel (a) and is colored according to a rainbow scheme across
the two termini. The four prime components of the knotted region are highlighted
in color in panel (b). The entanglement of the shortest trefoil-knotted component
(U1851–C1892) is shown in panel (c).
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the two termini. The knotted region, tied in a figure-of-eight or 41 knot, is highlighted in panel (b) and is isolated in panel (c) where the essential crossings are colored in red.
Panel (d) shows the minimal ring diagram of the associated 41 knot (produced with Knotscape by M. Thislethwaite).
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for such simplifying strand-passages are listed in Table 1 and
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cherichia coli, starting from chain 2GYA:0 which is shown
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excerpted knotted region of Fig. 3c. The featured figure-of-
eight knot is an achiral twist knot. These kind of knots are
easily produced by a single strand passage in rings that are
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ogy of this mechanism with the strand passages occurring in
RNA helices as in the previous case and (ii) this mechanism
is utterly di↵erent from the one emerging in densely packed
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twist knots rare [22,23]. Unlike the discussed 26S case, a single
strand passage su�ces to untie the observed 41 knot. One of
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ones, see Fig. 4b. The entanglement of the shortest compo-
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In connection with the complexity of RNA self-
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to classify RNA structures by their topological genus [48,49].
The genus provides a useful characterization of the complex-
ity of pseudoknots and can be used for secondary structure
prediction [50, 51]. It is thus interesting to ascertain if it cor-
relates with the nominal complexity of the knots found in the
RNA. Accordingly, we used the RNApdbee web server [52],
to extract the secondary structures of the RNA from their
PDB files and then computed the corresponding genii using
the computational engine of the McGenus web server [51]. We
found that the two 23S ribosomal units, 2GYA:0 and 1C2W:B,
have genus respectively equal to g = 6 and g = 7, while the
knotted 26S ribosomal unit has genus equal to g = 5. As was
shown in [49], these genii are fairly small, but still compatible
with the typical size of 3, 000 nucleotides of these RNAs.

The fact that only three out of thousands of RNA
molecules are knotted indicates the extreme paucity of non-
trivial entanglement in naturally-occurring RNAs. In fact,

the knots incidence is so low that one may doubt whether the
three exceptional structures are genuinely knotted.

This point is particularly pertinent because both the 23S
and 26S ribosomal RNAs were solved by cryo-electron mi-
croscopy (cryo-em). This technique has proved invaluable for
gaining quantitative insight into the structural organization of
large and complex biomolecular structures, though its scope
can be limited in practice by two main factors. First, the
electronic flux impacting the molecules may be high enough
to alter their structures. Secondly, the resolution of cryo-em
maps is appreciably lower than in conventional crystallogra-
phy and hence is prone to ambiguous model reconstruction
without suitable knowledge-based constraints. For a better
control of the latter ambiguities, several order parameters are
usually monitored to establish the local quality of the model
fit of the electron density map.

Such quality parameters are available for PDB entries
2GYA:0 and 3JYX:5. In both cases, the regions correspond-
ing to the knots’ “essential crossings” fall within, or close to,
the range of nucleotides where the model fitting was marked
as deviating appreciably from the target electron density map.
It is therefore plausible that the unknotted structure obtained
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few as 130 nucleotides and its knotted state, corresponding
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excerpted knotted region of Fig. 3c. The featured figure-of-
eight knot is an achiral twist knot. These kind of knots are
easily produced by a single strand passage in rings that are
repeatedly twisted. It is intriguing to notice: (i) the anal-
ogy of this mechanism with the strand passages occurring in
RNA helices as in the previous case and (ii) this mechanism
is utterly di↵erent from the one emerging in densely packed
double-stranded DNA, where torus knots are abundant and
twist knots rare [22,23]. Unlike the discussed 26S case, a single
strand passage su�ces to untie the observed 41 knot. One of
the possible essential crossings, where the untying strand pas-
sage could be performed, is listed in Table 1 and highlighted
in red in Fig. 3c.

The other knotted instance of the 23S unit, corresponding
to the 1C2W:B chain, is finally shown in Fig. 4. It features a
composite knot resulting from the concatenation of four sepa-
rate prime components: a figure-of-eight knot and three trefoil
ones, see Fig. 4b. The entanglement of the shortest compo-
nent, which consists of only ⇠ 40 nucleotides is clearly visible
in the backbone trace of Fig. 4c.

In connection with the complexity of RNA self-
entanglement, it is worth recalling that it has been proposed
to classify RNA structures by their topological genus [48,49].
The genus provides a useful characterization of the complex-
ity of pseudoknots and can be used for secondary structure
prediction [50, 51]. It is thus interesting to ascertain if it cor-
relates with the nominal complexity of the knots found in the
RNA. Accordingly, we used the RNApdbee web server [52],
to extract the secondary structures of the RNA from their
PDB files and then computed the corresponding genii using
the computational engine of the McGenus web server [51]. We
found that the two 23S ribosomal units, 2GYA:0 and 1C2W:B,
have genus respectively equal to g = 6 and g = 7, while the
knotted 26S ribosomal unit has genus equal to g = 5. As was
shown in [49], these genii are fairly small, but still compatible
with the typical size of 3, 000 nucleotides of these RNAs.

The fact that only three out of thousands of RNA
molecules are knotted indicates the extreme paucity of non-
trivial entanglement in naturally-occurring RNAs. In fact,

the knots incidence is so low that one may doubt whether the
three exceptional structures are genuinely knotted.

This point is particularly pertinent because both the 23S
and 26S ribosomal RNAs were solved by cryo-electron mi-
croscopy (cryo-em). This technique has proved invaluable for
gaining quantitative insight into the structural organization of
large and complex biomolecular structures, though its scope
can be limited in practice by two main factors. First, the
electronic flux impacting the molecules may be high enough
to alter their structures. Secondly, the resolution of cryo-em
maps is appreciably lower than in conventional crystallogra-
phy and hence is prone to ambiguous model reconstruction
without suitable knowledge-based constraints. For a better
control of the latter ambiguities, several order parameters are
usually monitored to establish the local quality of the model
fit of the electron density map.

Such quality parameters are available for PDB entries
2GYA:0 and 3JYX:5. In both cases, the regions correspond-
ing to the knots’ “essential crossings” fall within, or close to,
the range of nucleotides where the model fitting was marked
as deviating appreciably from the target electron density map.
It is therefore plausible that the unknotted structure obtained
by eliminating the essential crossings could provide a better
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Fig. 3. Knotted 23S ribosomal RNA structure from PDB entry 2GYA:0. The complete structure is given in panel (a) and is colored according to a rainbow scheme across
the two termini. The knotted region, tied in a figure-of-eight or 41 knot, is highlighted in panel (b) and is isolated in panel (c) where the essential crossings are colored in red.
Panel (d) shows the minimal ring diagram of the associated 41 knot (produced with Knotscape by M. Thislethwaite).
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for such simplifying strand-passages are listed in Table 1 and
highlighted in cyan in Fig. 2c.
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in Fig. 3a. The entangled region of this molecule spans as
few as 130 nucleotides and its knotted state, corresponding
to a simple figure-of-eight (41) knot, is clearly seen in the
excerpted knotted region of Fig. 3c. The featured figure-of-
eight knot is an achiral twist knot. These kind of knots are
easily produced by a single strand passage in rings that are
repeatedly twisted. It is intriguing to notice: (i) the anal-
ogy of this mechanism with the strand passages occurring in
RNA helices as in the previous case and (ii) this mechanism
is utterly di↵erent from the one emerging in densely packed
double-stranded DNA, where torus knots are abundant and
twist knots rare [22,23]. Unlike the discussed 26S case, a single
strand passage su�ces to untie the observed 41 knot. One of
the possible essential crossings, where the untying strand pas-
sage could be performed, is listed in Table 1 and highlighted
in red in Fig. 3c.

The other knotted instance of the 23S unit, corresponding
to the 1C2W:B chain, is finally shown in Fig. 4. It features a
composite knot resulting from the concatenation of four sepa-
rate prime components: a figure-of-eight knot and three trefoil
ones, see Fig. 4b. The entanglement of the shortest compo-
nent, which consists of only ⇠ 40 nucleotides is clearly visible
in the backbone trace of Fig. 4c.

In connection with the complexity of RNA self-
entanglement, it is worth recalling that it has been proposed
to classify RNA structures by their topological genus [48,49].
The genus provides a useful characterization of the complex-
ity of pseudoknots and can be used for secondary structure
prediction [50, 51]. It is thus interesting to ascertain if it cor-
relates with the nominal complexity of the knots found in the
RNA. Accordingly, we used the RNApdbee web server [52],
to extract the secondary structures of the RNA from their
PDB files and then computed the corresponding genii using
the computational engine of the McGenus web server [51]. We
found that the two 23S ribosomal units, 2GYA:0 and 1C2W:B,
have genus respectively equal to g = 6 and g = 7, while the
knotted 26S ribosomal unit has genus equal to g = 5. As was
shown in [49], these genii are fairly small, but still compatible
with the typical size of 3, 000 nucleotides of these RNAs.

The fact that only three out of thousands of RNA
molecules are knotted indicates the extreme paucity of non-
trivial entanglement in naturally-occurring RNAs. In fact,

the knots incidence is so low that one may doubt whether the
three exceptional structures are genuinely knotted.

This point is particularly pertinent because both the 23S
and 26S ribosomal RNAs were solved by cryo-electron mi-
croscopy (cryo-em). This technique has proved invaluable for
gaining quantitative insight into the structural organization of
large and complex biomolecular structures, though its scope
can be limited in practice by two main factors. First, the
electronic flux impacting the molecules may be high enough
to alter their structures. Secondly, the resolution of cryo-em
maps is appreciably lower than in conventional crystallogra-
phy and hence is prone to ambiguous model reconstruction
without suitable knowledge-based constraints. For a better
control of the latter ambiguities, several order parameters are
usually monitored to establish the local quality of the model
fit of the electron density map.

Such quality parameters are available for PDB entries
2GYA:0 and 3JYX:5. In both cases, the regions correspond-
ing to the knots’ “essential crossings” fall within, or close to,
the range of nucleotides where the model fitting was marked
as deviating appreciably from the target electron density map.
It is therefore plausible that the unknotted structure obtained
by eliminating the essential crossings could provide a better
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• All structures from cryo-em

• There is probably an error in the structure 
of 3JYX5

• 2GYA0 and 1C2W may have a genuine knot, 
but again could be an artefact of structure 
resolution since very close homologs have 
no knots

• Conclusion: knots are very rare in RNA, and 
possibly non-existent!



Design of RNA knots
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Fig. 5. Comparison of RNA strands interlocking in the knotted 23S and 26S units
and in their unknotted homologues. In panel (a) strands G1478–G1480, C1558–
C1561 are highlighted in red for two 23S structures of E. coli: 2GYA:0 (knotted)
and 2GYC:0 (unknotted). Panel (b) highlights strands A710–G714, U2775–A2780
for 3JYX:5, the knotted 26S unit of Thermomyces lanuginosus, and the cor-
responding BLASTn-aligned [54] strands A735–G739, U2762–G2768 of 4A18:1, an
unknotted homologue from Tetrahymena thermophila. In both panels the red
strands are interlocked in the knotted structure and unlocked in the unknotted one.

fit to the target em map. This could, in turn, imply that none
of the thousands of surveyed RNA structures are knotted.

Further elements in favour of this conclusion arise when
comparing the knotted 23S and 26S RNAs with other homo-
logues whose structure is available in the PDB.

In particular, besides 2GYA and 1C2W there exist 36
other PDB entries involving Escherichia coli 23S units.
Strikingly, these homologous structures are all unknotted.
The unknotted counterparts include structures solved by X-
ray at a 3.2Å resolution, such as entries 2I2T:B [53] and
2I2V:B [53] which have 90% or more sequence identity [54]
with 2GYA:0 and 1C2W:B, as well as cryo-em ones, such as
entry 2GYC:0 [45]. The latter structure is particularly rele-
vant because it is a di↵erent conformer of the very same RNA
molecule of the knotted 2GYA:0 entry (their sequence identity
is 100%). By performing an ARTS structural alignment [55]
on this knotted-unknotted pair we found that the two inter-
locked strands G1478-G1480 and C1558-C1561 in the knotted
2GYA:0 chain – shown in Fig. 3c – are not hooked in the
unknotted 2GYC:0 structure, see Fig. 5a. This comparison
therefore poses the question of whether the clasp, and hence
the knot, in 2GYA:0 is possibly due to cryo-em resolution lim-
itations. It would therefore be interesting to ascertain if the
unknotted structure obtained by unlocking the 2GYA:0 clasp
would lead to a better fit of the cryo-em data.

For the 26S ribosomal unit, instead, there exist only two
instances in the PDB, including the previously-discussed knot-
ted one for Thermomyces lanuginosus. The second instance
is for Tetrahymena thermophila and is unknotted. Its struc-
ture was solved by X-ray at a resolution of 3.5Å as part
of a larger ribosomal complex [56]. The asymmetric unit
of this complex contains three 26S copies corresponding to
PDB entries 4A18:1, 4A19:1 and 4A1D:1. The 26S struc-
tures of Thermomyces lanuginosus and Tetrahymena ther-

mophila, despite di↵ering by knotted state, have very similar
sequences. In fact, the BLASTn alignment [54] of 3JYX:5
and 4A18:1 returns a sequence identity of 82%. The exten-
sive sequence alignment includes a region encompassing one
of the two essential crossings for the knotted 26S structure of
Thermomyces lanuginosus. The two involved RNA segments,
which are interlocked in the Thermomyces lanuginosus 26S
unit, are unlocked in the Tetrahymena thermophila one, see
Fig. 5b. Again, towards clarifying the genuine character of

the entanglement of the 26S unit knot it could be verified
whether the interlocking removal improves the cryo-em data
fitting.

Regardless of whether the pool of knotted RNA entries
consists of only three or rather zero entries, the outcome of the
present survey is that the incidence of knots in RNA molecules
is utterly negligible both in absolute terms and also by com-
parison with proteins and viral dsDNA.

Therefore, assuming that the protein data bank pro-
vides an unbiased representative sample of naturally-occurring
RNAs, one concludes that within the realm of the various
“strands of life”, RNA seems to be the only instance where
physical knots are most rare.

The striking observation that available RNA structures
are virtually free of physical knots pose the question of under-
standing what plausible mechanisms may have ruled out these
forms of self-entanglement. A priori one can envisage several
possible selection processes that involve either the kinetics or
thermodynamics of RNA folding.

On the one hand, it is known that the fold organization of
naturally-occurring RNA sequences is much simpler than for
random sequences with the same overall nucleotide composi-
tion. This point is well-illustrated by considering the above-
mentioned genus as an indicator of the complexity and entan-
glement of RNA secondary structures. In fact, one observes
that the minimum energy structures of random sequences of
L = 3, 000 nucleotides typically have a genus of the order of
0.13L = 390 [57] while naturally-occurring ones of the same
length have a genus of only 5 to 8. This provides a strong evi-
dence that naturally-occurring RNA sequences have arguably
evolved to minimize the geometrical complexity and hence the
entanglement of their low-energy conformations. For the case
of coding RNAs this ought to have the functional advantage of
eliminating the e↵ects of topological hindrance [28,29] during
translocation through the ribosomal pore.

On the other hand, this sequence-encoded simplicity of
RNA structures may be further aided by the kinetics of the
folding process. In fact, it may be envisaged that the fold-
ing of long RNA molecules may occur, at least in part, co-
transcriptionally. This mechanism ought to favor the for-
mation of local helices in newly transcribed regions. In this
case, except for su�ciently small molecules [41], it would be
very di�cult to develop knots in the resulting highly-branched
structure of long and helically-folded RNA. Furthermore, long
RNAs can acquire their structure through the coalescence of
smaller subunits which fold independently, possibly assisted
by proteins. Such modularity which, favours local intra-
molecular contacts and hence low overall degrees of entan-
glement, is also consistent with typical routes of molecular
evolution. One example is o↵ered by RNA ribosomal com-
plexes which have arguably evolved by modular expansion of
an evolutionary-conserved core [58]. The observed practical
lack of knots across available ribosome structures can there-
fore indicate that their modular growth has allowed maintain-

Fig. 6. Design of RNA twist knots. Twist knots (such as the shown 52 knot) can
be formed by RNA sequences designed to fold into a helix with an unpaired loop large
enough to be threaded by one of the two termini. The knot could be stabilised by
base pairing at the helix apex or by annealing of the two complementary termini.
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C1561 are highlighted in red for two 23S structures of E. coli: 2GYA:0 (knotted)
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for 3JYX:5, the knotted 26S unit of Thermomyces lanuginosus, and the cor-
responding BLASTn-aligned [54] strands A735–G739, U2762–G2768 of 4A18:1, an
unknotted homologue from Tetrahymena thermophila. In both panels the red
strands are interlocked in the knotted structure and unlocked in the unknotted one.

fit to the target em map. This could, in turn, imply that none
of the thousands of surveyed RNA structures are knotted.

Further elements in favour of this conclusion arise when
comparing the knotted 23S and 26S RNAs with other homo-
logues whose structure is available in the PDB.

In particular, besides 2GYA and 1C2W there exist 36
other PDB entries involving Escherichia coli 23S units.
Strikingly, these homologous structures are all unknotted.
The unknotted counterparts include structures solved by X-
ray at a 3.2Å resolution, such as entries 2I2T:B [53] and
2I2V:B [53] which have 90% or more sequence identity [54]
with 2GYA:0 and 1C2W:B, as well as cryo-em ones, such as
entry 2GYC:0 [45]. The latter structure is particularly rele-
vant because it is a di↵erent conformer of the very same RNA
molecule of the knotted 2GYA:0 entry (their sequence identity
is 100%). By performing an ARTS structural alignment [55]
on this knotted-unknotted pair we found that the two inter-
locked strands G1478-G1480 and C1558-C1561 in the knotted
2GYA:0 chain – shown in Fig. 3c – are not hooked in the
unknotted 2GYC:0 structure, see Fig. 5a. This comparison
therefore poses the question of whether the clasp, and hence
the knot, in 2GYA:0 is possibly due to cryo-em resolution lim-
itations. It would therefore be interesting to ascertain if the
unknotted structure obtained by unlocking the 2GYA:0 clasp
would lead to a better fit of the cryo-em data.

For the 26S ribosomal unit, instead, there exist only two
instances in the PDB, including the previously-discussed knot-
ted one for Thermomyces lanuginosus. The second instance
is for Tetrahymena thermophila and is unknotted. Its struc-
ture was solved by X-ray at a resolution of 3.5Å as part
of a larger ribosomal complex [56]. The asymmetric unit
of this complex contains three 26S copies corresponding to
PDB entries 4A18:1, 4A19:1 and 4A1D:1. The 26S struc-
tures of Thermomyces lanuginosus and Tetrahymena ther-

mophila, despite di↵ering by knotted state, have very similar
sequences. In fact, the BLASTn alignment [54] of 3JYX:5
and 4A18:1 returns a sequence identity of 82%. The exten-
sive sequence alignment includes a region encompassing one
of the two essential crossings for the knotted 26S structure of
Thermomyces lanuginosus. The two involved RNA segments,
which are interlocked in the Thermomyces lanuginosus 26S
unit, are unlocked in the Tetrahymena thermophila one, see
Fig. 5b. Again, towards clarifying the genuine character of

the entanglement of the 26S unit knot it could be verified
whether the interlocking removal improves the cryo-em data
fitting.

Regardless of whether the pool of knotted RNA entries
consists of only three or rather zero entries, the outcome of the
present survey is that the incidence of knots in RNA molecules
is utterly negligible both in absolute terms and also by com-
parison with proteins and viral dsDNA.

Therefore, assuming that the protein data bank pro-
vides an unbiased representative sample of naturally-occurring
RNAs, one concludes that within the realm of the various
“strands of life”, RNA seems to be the only instance where
physical knots are most rare.

The striking observation that available RNA structures
are virtually free of physical knots pose the question of under-
standing what plausible mechanisms may have ruled out these
forms of self-entanglement. A priori one can envisage several
possible selection processes that involve either the kinetics or
thermodynamics of RNA folding.

On the one hand, it is known that the fold organization of
naturally-occurring RNA sequences is much simpler than for
random sequences with the same overall nucleotide composi-
tion. This point is well-illustrated by considering the above-
mentioned genus as an indicator of the complexity and entan-
glement of RNA secondary structures. In fact, one observes
that the minimum energy structures of random sequences of
L = 3, 000 nucleotides typically have a genus of the order of
0.13L = 390 [57] while naturally-occurring ones of the same
length have a genus of only 5 to 8. This provides a strong evi-
dence that naturally-occurring RNA sequences have arguably
evolved to minimize the geometrical complexity and hence the
entanglement of their low-energy conformations. For the case
of coding RNAs this ought to have the functional advantage of
eliminating the e↵ects of topological hindrance [28,29] during
translocation through the ribosomal pore.

On the other hand, this sequence-encoded simplicity of
RNA structures may be further aided by the kinetics of the
folding process. In fact, it may be envisaged that the fold-
ing of long RNA molecules may occur, at least in part, co-
transcriptionally. This mechanism ought to favor the for-
mation of local helices in newly transcribed regions. In this
case, except for su�ciently small molecules [41], it would be
very di�cult to develop knots in the resulting highly-branched
structure of long and helically-folded RNA. Furthermore, long
RNAs can acquire their structure through the coalescence of
smaller subunits which fold independently, possibly assisted
by proteins. Such modularity which, favours local intra-
molecular contacts and hence low overall degrees of entan-
glement, is also consistent with typical routes of molecular
evolution. One example is o↵ered by RNA ribosomal com-
plexes which have arguably evolved by modular expansion of
an evolutionary-conserved core [58]. The observed practical
lack of knots across available ribosome structures can there-
fore indicate that their modular growth has allowed maintain-

Fig. 6. Design of RNA twist knots. Twist knots (such as the shown 52 knot) can
be formed by RNA sequences designed to fold into a helix with an unpaired loop large
enough to be threaded by one of the two termini. The knot could be stabilised by
base pairing at the helix apex or by annealing of the two complementary termini.
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Conclusion

• One needs a refined energy model to 
improve predictions 

• Need to include steric constraints at an 
early stage in the algorithm 

• Are there knots in RNA?

Probably (k)not!


