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Neutral network sizes of biological RNA molecules

can be computed and are atypically large

T. Jörg1 O. C. Martin1 A. Wagner2

1LPTMS, Université de Paris-Sud, France
2Department of Biochemistry, University of Zürich, Switzerland

Gene regulatory networks: Dynamics, spatial organization and
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1 Introduction

RNA secondary structures

Neutral networks and evolution

2 A Monte Carlo approach to estimate the neutral network size

Why is it difficult to estimate the neutral network size?

Monte Carlo approach

Ranking structures

3 Results

Does it work?

Neutral networks of biological RNAs

4 Summary
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Stuctural elements of RNA

RNA sequence G built from 4-letter alphabet A,C,G,U

AAGACUAUACUUUCAGGGAUCAUUUCUAUAGUUCGUUACUAGAGAAGUUU

CUCUGACUGUGUAGAGCACCCGAAACCACGAGGACGAGACGUAGCGUUCC

CUCCUGAGCGUGAAGCCGGCUCUAGGUGCUGCUUGACUGCAGCUGCCUCC

UGCCAUUGAUGAUCGUUCUUCCCUCCUUUGGGAGGGUGAGAGGGAGGGAA

CGCAGUCUGAGUGG

Maps into well-defined secondary structure S

A
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U A C U A
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C
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C
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C
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U
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GGAGGGUGAGAGGGAGGGAACGC

AGUCU
GAGUGG

snoRNA (mus musculus)
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Neutral networks

Sequence 1

ACCGUUCGAAGCGAGUUACCUCCGU

GUACAUCAAUUUACUGGCUUAGGUC

CAAUUGCGGACUGCGAUCAACUGUA

GCUAAUACCGACAGACGCUCUUACA

Sequence 2

UGAAGGGGGUGCAGGGAUUAUAGUA

UGCAAUCAACAGCAACUCGCAGAUG

GGCCCGACCAUUAUUCAGACAGGAU

CCCCAAGGUCUCAAGUGCCUUUCUG

Sequence 3

CCUGCCCCGCUGAGGCCUUCGUGAG

CUUUUCCCGUUGAGUCAGAUUGGGC

GCAUUGACGCUCUACCUAGUAAAAG

GCCGAUACCAUUCCUUCACGCCGCG

Sequence . . .
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snRNA (homo sapiens)
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Neutral networks and evolution
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Definitions

Sequence = Genotype

Structure = Phenotype ∼ Function

Some facts

1968 Kimura formalizes the

concept of neutral

(molecular) evolution.

Mid-nineties: Schuster et al.

start systematic study.

Huge differences in size of

different neutral networks.

(Mostly) connected through

single-base mutations.

Nontrivial structure.

Related to fundamental

concepts in evolution:

Robustness and evolvability.
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Why is it difficult to estimate the neutral network size?

Number of sequences – Number of structures

NG = 4L

NS = 1.4848 × L
− 3

2 (1.84892)L
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Example: Hammerhead ribozyme

Number of sequences = 454=

3.2 × 1032

Size of neutral network = 8.0 × 1022

Number of compatible sequences =

1.9 × 1025

Compatible sets

Allowed pairings: A-U, C-G, G-C, G-U, U-A, U-G
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Monte Carlo approach: Setting the stage (I)

Bracket notation

...((..((.(((((((((..(((.(((........))))))....(((((......)))))..........))))))............)))))..)).
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Monte Carlo approach: Setting the stage (II)

Distance from target structure: Base pair distance d(S0, S)
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...((..((.(((((((((..(((.(((........))))))....(((((......)))))..........))))))............)))))..)).

...((..((.(((((((((..(((.(((........))))))....(((..........)))..........))))))..((....))..)))))..)).

Minimal number of base pairs that have to be opened and closed to

transform one structure in bracket notation into the other.
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Monte Carlo approach: The building blocks (I)

Splitting the space of sequences

Consider the subspaces Vn of all sequences G having at most

distance n from the target structure S0.

VL

VL−1

V2

V1

V0

Vn ⊂ Vn+1.

V0 is the neutral network.

|V0| = |V0|
|V1|

× |V1|
|V2|

× . . . ×
|VL−1|
|VL|

× |VL|

= |VL|
∏

L

i=1 ri with ri =
|Vi−1|
|Vi |

and |VL| = 4L.

The main idea

Instead of estimating
|V0|
|VL|

directly, we estimate the ratios ri =
|Vi−1|
|Vi |

.
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Monte Carlo approach: The building blocks (II)

Initialisation

Using inverse fold we find L + 1 sequences Gi (i ∈ {0, . . . , L}) on the

neutral network of the target structure S0.

The mutation step

For each sequence Gi we try a

random point mutation restricted to

the compatible set of the target

structure S0, i.e, Gi → G′
i
.

If d(S0, S(G′
i
)) ≤ i we accept the

mutation, else we reject it and

continue with the old Gi .

Example: L = 4, G3
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Monte Carlo approach: The building blocks (III)

The exchange step

After a mutation step on all

sequences Gi we try to swap

adjacent sequences Gi and

Gi+1.

We accept the swap move if

the distance of both

sequences is smaller or equal

to i , else we reject it.

Example: L = 4, G3 and G4
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Monte Carlo approach: The building blocks (III)

The exchange step

After a mutation step on all

sequences Gi we try to swap

adjacent sequences Gi and

Gi+1.

We accept the swap move if

the distance of both

sequences is smaller or equal

to i , else we reject it.

Allows to measure

ri =
|Vi−1|
|Vi |

in a simple way

Example: L = 4, G3
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Ranking structures

How to estimate the (relative) rank R of a structure S?

Choose a sample of M random genotypes of length L.

Determine their secondary structure Si (i ∈ {1, . . . , M}).

Determine the size of their neutral networks NSi
.

A structure Si is chosen with probability proportional to the size of

its neutral network NSi
→ Biased sampling.

We can correct for this bias using

P(S) = R(S)
Nstructures

=

P

M

{i|N
Si

>N
S
}

1
N

Si
P

M
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N
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Does it work? (I)

Comparison with exact enumeration
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Does it work? (II)

Hammerhead
Ribozyme L = 54
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Does it work? (III)

snRNA L = 100
(homo sapiens)
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Number of compatible sequences = 9.6 × 1049.

Random search needs at least 1010 sequences.
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Does it work? (IV)

Comparison with exact enumeration (L = 14)
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Neutral networks of biological RNAs

Relative rank (p-value) of biological vs random structures
(L = 50)
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Summary

The size of neutral networks of biological RNA molecules can be

estimated using Monte Carlo techniques.

Neutral network sizes of biological RNA molecules are atypically

large.

Acknowledgements: GENNETEC
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