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Oh! There are RNAs that are not only messengers . . .
great visualization: https://www.youtube.com/watch?v=gG7uCskUOrA

2 / 24

https://www.youtube.com/watch?v=gG7uCskUOrA


Fundamental dogma of molecular biology 3/24

DNA

RNA

Proteins

Transcription

Translation

Regulation

Transfer

Participates

Maturation

C
ar

rie
r

Synthesis

RNA functions
I Coding RNAs (Translation - mRNA)

I Non-coding RNAs

I tRNA: linking codons to aminoacids
I rRNA (ribosomalRNA): part of of the

ribosome, essential for protein
synthesis

I snRNA (Small nuclear RNA, ∼ 150 nt):
splicing and other functions

I miRNA (microRNA, 21-22 nt):
regulation of gene expression

I . . .

∼ 97% are non-coding RNAs in eukaryotes
RNA can even act as genome (virus)
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RNA world: Resolving the chicken vs egg paradox at the origin of life. . . 4/24

Gene Enzyme

encodes

replicates

RNA

encodes

replicates

A gene big enough to specify an enzyme would be too big to replicate accurately
without the aid of an enzyme of the very kind that it is trying to specify. So the system
apparently cannot get started.

RNA - WORLD - HYPOTHESIS:
self-replicating RNA molecules are precursors to all current life on earth.
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What is RNA? 5/24

I single-stranded polymer
I polymer made of nucleotides+backbone
I nucleotides: guanine (G), adenine (A), uracil

(U), cytosine (C)
I backbone: alternating sugar (ribose) and

phospat groups (related to phosphoric acid)
nucleotides are attached to sugar

I the nucleotides of polymer can bind (A-U,
C-G, G-U) via hydrogen bonds, i.e., unlike
DNA it is more often found in nature as a
single-strand folded unto itself, rather than a
paired double-strand.

RNA can fold into complex 3D structures that are essential to its function(s).
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RNA Structure 7/24

A := {A,C,G,U} and B := {AU,UA,GC,CG,GU,UG}

A primary structure (of length n) is a sequence s = s1 . . . sn ∈ An.

A secondary structure S is a collection of ordered pairs (i, j), where 1 ≤ i < j ≤ n,
s.t. the following properties hold:

1. If (i, j) , (k , l) ∈ S , then it is not the case that i < k < j < l .

2. If (i, j) , (k , l) ∈ S and i ∈ (k , l) implies that i = k and j = l .

3. If (i, j) ∈ S , then j > i + θ, where θ is a fixed integer and usually taken to be 3.

A secondary structure S for a given sequence s = s1 . . . sn ∈ An is a secondary
structure fullfilling in addition

4. If (i, j) ∈ S , then si sj ∈ B.

If item 4. is fullfilled, then we say that the sequence s ∈ An realizes S .

A tertiary structure is basically the 3D structure, i.e., refers to locations of the atoms
in three-dimensional space.
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Different representations
Common combinatorial structure

?Additional steric constraints
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Counting Secondary Structures 9/24

Theorem

Let S(n) denote the number of secondary structures of size n and θ = 1. Then
S(0) = 0, S(1) = 1 and for n ≥ 1,

S(n + 1) = S(n) + S(n − 1) +

n−1∑
k=2

S(k − 1)S(n − k)

and
S(n) ≥ 2n−2.

Theorem

Let S(n, k) denote the number of secondary structures of size n that contain exactly k
basepairs (θ = 1). Set S(n, 0) = 1 for all n and S(n, k) = 0 for k ≥ n

2 . Then for n ≥ 2,

S(n + 1, k + 1) = S(n, k + 1) +

n−1∑
j=1

[ k∑
i=0

S(j − 1, i)S(n − j, k − i)

]
.

Corollary

S(n) =
∑bn/2c

k=0 S(n, k).

All proofs on whiteboard
9 / 24



Realizability 10/24

A sequence s ∈ An realizes or is compatible with a secondary structure S of length n
if for any (i, j) ∈ S it holds that si , sj ∈ B.

I dependency graph or shape graph G(S1, . . . ,Sk )

QUESTION:

On what conditions is it possible to find one sequence, which is realizing all sec.str.
S1, . . . ,Sk of the same size?

equivalent to:

What properties have to be fulfilled in G(S1, . . . ,Sk ), s.t. there exists a single
sequence, which is realizing all S1, . . . ,Sk ?
C(S ) denotes the set of all sequences that realize Secondary Structure S .

Theorem (Intersection Theorem, Reidys et al. 1995)

For any two secondary structures S1 and S2 of same size holds: C(S1) ∩ C(S2) 6= ∅.

Theorem (Generalized Intersection Theorem, Flamm et al. 2001)⋂k
i=1 C(Si ) 6= ∅ ⇔ G(S1, . . . ,Sk ) is bipartite.

All proofs on whiteboard
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RNA Secondary Structure Prediction 11/24

RNA folding: hierarchical process in which secondary structure is broadly considered
as sufficient approximation assessing the most relevant characteristics of an RNA
molecule

S(x) = set of all second.structures S that realize a given RNA sequence x .
S(x) is called folding space of x .
Structure prediction means to select the “most-likely” structure from elements of S(x).

“most-likely” = most stable.

Let us start with a simple naive approach, that laid the foundation for many more
sophisticated and realistic approaches: Nussinov Algorithm

11 / 24



Nussinov/Jacobson model 12/24

Nussinov/Jacobson energy model (NJ)

Base-pair maximization (with a twist):
I Additive model on independently contributing base-pairs;
I Canonical base-pairs only: Watson/Crick (A/U,C/G) and Wobble (G/U)

Variant: Weight each pair with #Hydrogen bonds

w(G≡C) = 3 w(A=U) = 2 w(G−U) = 1 w(other) = 0

12 / 24
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Nussinov/Jacobson DP scheme 13/24

i j
=

i i+1 j
+

i k j

≥ θ

Ni,t = 0, ∀t ∈ [i, i + θ]

Ni,j = max

 Ni+1,j i unpaired
max

i+θ<k≤j
wi,k + Ni+1,k−1 + Nk+1,j i paired with k

wi,k = w(si , sk ) ∈ {0, 1, 2, 3}.

Correctness. Goal = Show that MFE over interval [i, j] is indeed found in Ni,j after
completing the computation. Proceed by induction:

I Assume that property holds for any [i ′, j ′] such that j ′ − i ′ < `.
I Consider [i, j], j − i = `. Let MFEi,j := Base-pairs of best struct. on [i, j].

Then first position i in MFEi,j = is either:
I Unpaired: MFEi,j = MFEi+1,j → free-energy = Ni+1,j
I Paired to k : MFEi,j = {(i, k)} ∪MFEi+1,k−1 ∪MFEk+1,j .

(Indeed, any BP between [i + 1, k − 1] and [k + 1, j] would cross (i, k))
→ free-energy = wi,k + Ni+1,k−1 + Nk+1,j

13 / 24
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Nussinov/Jacobson DP scheme 14/24

i j
=

i i+1 j
+

i k j

≥ θ

Ni,t = 0, ∀t ∈ [i, i + θ]

Ni,j = max

 Ni+1,j i unpaired
max

i+θ<k≤j
wi,k + Ni+1,k−1 + Nk+1,j i paired with k

wi,k = w(si , sk ) ∈ {0, 1, 2, 3}.

i = 0, j = SIZE − 1;
Traceback(matrix N, i , j)

if i < SIZE − θ − 1 then

if Ni,j = Ni+1,j then // i unpaired
Traceback(N, i+1, j)

else
for(k = i + θ + 1, . . . , j)

if N[i][j] = wi,k + N[i + 1][k − 1] + N[k + 1][j]) and neither i, k paired
print "basepair (i, k)"
Traceback(N, i+1, k-1)
Traceback(N, k+1, j)
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Nussinov/Jacobson 15/24

C G G A U A C U U C U U A G A C G A
( ( ( . . . ) . ( ( . . . ) ) ) ) .

C 0 0 0 0 0 0 3 4 4 6 6 6 6 9 9 11 14 14
G 0 0 0 0 0 3 4 4 6 6 6 6 7 9 11 11 11
G 0 0 0 0 3 3 3 5 5 5 5 6 8 10 10 10
A 0 0 0 0 2 2 2 2 4 4 5 7 7 8 10
U 0 0 0 0 0 0 2 2 4 5 7 7 8 10
A 0 0 0 0 0 2 2 2 5 5 5 8 8
C 0 0 0 0 0 0 2 5 5 5 8 8
U 0 0 0 0 0 2 3 5 5 6 7
U 0 0 0 0 2 3 5 5 5 7
C 0 0 0 0 3 3 3 5 5
U 0 0 0 0 2 2 2 3
U 0 0 0 0 0 1 2
A 0 0 0 0 0 0
G 0 0 0 0 0
A 0 0 0 0
C 0 0 0
G 0 0
A 0

i j
=

i i+1 j
+

i k j

≥ θ
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Nussinov drawbacks 16/24

Maximizing the nr of bp does not lead to biological meaningful structures:

Stacking of bp not considered:
( ( ( . ) ) ) stable
( ) ( ) . ( ) instable

Size of intern loop not considered:

Nevertheless, although Nussinov-Alg is too simple to be accurate, it is stepping-stone
for later algorithms
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RNA MinFreeEnergy (MFE) Folding 17/24

Define energy model for RNA that takes into account local energy contributions from
loop and stacking regions.

I More realistic: thermodynamics and statistical mechanics.
I Stability of an RNA sec.str. coincides with thermodynamic stability
I Quantified as the amount of free energy released/used by forming bp.
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Turner energy model 18/24

Based on unambiguous decomposition of 2ary structure into loops:
I Internal loops
I Bulges
I Terminal (hairpin) loops
I Multi loops
I Stackings

Free-energy ∆ G of a loop depend on
bases, assymmetry, dangles . . .

Experimentally determined
+ Interpolated for larger loops.

Improved results by taking stacking into account.
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Turner energy model 19/24
The Turner rules are a set of experimentally determined parameters which allow us to
predict the stability of RNA secondary structures.

https://www.kelleybioinfo.org/
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MFE-folding via Loop Decomposition 20/24

First proposed by Zuker et al.

init: Fi,j = 0, Ci,j = Mi,j = M1
i,j =∞.

I F1,n stores the energy value of the thermodynamically most stable structure, its
Minimum Free Energy (MFE).

I traceback structure
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MFE-folding via loop decomposition: remarks 21/24

I Fi,j : free energy of the opt. sub-struct. on the sub-seq. si . . . sj .
I Ci,j : free energy of the opt. sub-struct. on the sub-seq. si . . . sj given that i and j

form a base pair.
I Mi,j : free energy of the opt. sub-struct. on the sub-seq. si . . . sj given that

si . . . sj is part of a multi-loop and has at least one "component".

I M1
i,j : free energy of the opt. sub-struct. on the sub-seq. si . . . sj given that

si . . . sj is part of a multi-loop and has exactly one component which has the
closing pair (i, h) for some h satisfying i < h ≤ j .
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RNA Fold 22/24

http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi

RNAfold < trna.fa
>AF041468
GGGGGUAUAGCUCAGUUGGUAGAGCGCUGCCUUUGCACGGCAGAUGUCAGGGGUUCGAGUCCCCUUACCUCCA
(((((((..((((........)))).(((((.......))))).....(((((.......)))))))))))).
-31.10 kcal/mol
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What is RNA? 23/24
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