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Paradigms in RNA structural bioinformatics
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Continuous-time Markov chain
Given free-energy E : {A, C, G, U}* x § — R, at the Boltzmann equilibrium:

P(S | w) o e ES/AT

» Minimum Free-Energy (MFE): Relevant structure = Most stable/probable
» Partition function: Equilibrium properties of Boltzmann ensemble
» Kinetics: Finite-time evolution of concentrations/probabilities
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Turner energy model

Based on unambiguous decomposition of 2% structure into loops:

Free-energy A 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

Based on unambiguous decomposition of 2*” structure into loops:
» Internal loops

Free-energy A 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

Based on unambiguous decomposition of 2*” structure into loops:
» Internal loops
> Bulges

Free-energy A 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

Based on unambiguous decomposition of 2*” structure into loops:
» Internal loops
> Bulges
» Terminal loops

Free-energy A 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

Based on unambiguous decomposition of 2% structure into loops:
» Internal loops
> Bulges
» Terminal loops
» Multi loops

Free-energy A 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

Based on unambiguous decomposition of 2% structure into loops:

v

Internal loops
Bulges
Terminal loops
Multi loops
Stackings

vvyyypy

Free-energy A 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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MFE DP equations

Stem
loop

o—o

Terminal loops

.

Stackings

AN

Bulges/Internal loops

Multi loops
(Sequence >2 helices)
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MFE DP equations

Stem
loop

Oo—o

Terminal loops

.

Stackings

AN

Bulges/Internal loops

Multi loops
(Sequence >2 helices)

Helix sequence

-

Seq. + Helix
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MFE DP equations

Stem
loop

Oo—o

Terminal loops
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Bulges/Internal loops

Multi loops
(Sequence >2 helices)

Helix sequence
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MFE DP equations

Stem
loop

Oo—o

Terminal loops

.

Stackings

AN

Bulges/Internal loops

Multi loops
(Sequence >2 helices)

p

Helix sequence

Helix

9
-
Seq. + Helix

Helix

00

Unpaired base

Stem Sloop
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MFold Unafold

» Eu(i,j): Energy of terminal loop enclosed by (i, j) pair

» Eg(i,]): Energy of bulge or internal loop enclosed by (i, j) pair

» Es(i,j): Energy of stacking (7,/)/(i+1,j — 1)

P Penalty for multi loop (a), and occurrences of unpaired base (b) and helix (c) in multi loops.
oo / é;oﬂ

! v _
0-1,0,

R o\): S0,

¢

DP recurrence

En(i,))
T Es(i,j) + M'ip1,j-1
Mg = min e Ming o (Eaili 77 J) + Mo )
a+ ¢+ Ming(Mip1 k-1 + M'ij1)
My = Ming {min (Mo, b(k = 1)) + M e, }
,’\/11,',/' = Ming {b+ ,M1,'J,1, c+ M',’j}
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Backtracking

Backtracking to reconstruct MFE structure:

/
M if

En(i,})
Es(i,j) + M'iy1,j-1
Miny: j (Esi(i, 1',7',J) + M'in j)
a+ ¢+ Ming( Mg x1 + Myjq)

Min

Miny {min (M1, b(k = 1)) + M'i |

Ming {b + ./Vl1,',j71 ,C+ ./\/ll,',j
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Backtracking

Backtracking to reconstruct MFE structure:

1 T EK(i))
w e . Es(i,j) + M'ip1,j—1
ij<—= ~—NIn
L - Ming y(Bai(i, 7)) + M)
e —a+c+Ming( Mgy g1 + Myj1)
Miy = Ming {min (M1, b(k = 1)) + M'i |
./Vl1,-,j = Ming {b+M1,‘,/‘71,C+MI,'J
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Backtracking

Backtracking to reconstruct MFE structure:
EH(ia /)

/
4'__7)/-) Es(i,]) + M'iz1,j-1

M == , P
H ~—} Mln,'/J/(EB/(I, I/,]/J) + M/,'/’j/)

— a-+ ¢+ Mink( Mgt k-1 + M'yjo1)
Miy = Ming {min (M1, b(k = 1)) + M'i |
My = Mink{b+M1,-,,-,1,c+M',-,,-

Complexity:

For each min, O(n) potential contributors
= Worst-case complexity in O(n?) for naive backtrack.
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Backtracking

Backtracking to reconstruct MFE structure:

EH(’a/)
. Es(i,j) + M i1 j—1
M/i,j < Min . A ’
Mlni/,j/(EBI(/yl i 7/) +M i’,j’)
a-+ ¢+ Ming( M1 o1 + M'yj1)
Mg = Ming {min (M1, b(k = 1)) + My}
M, = Ming {b+M1i,j71yc+Mli,j

Complexity:

For each min, O(n) potential contributors
= Worst-case complexity in O(n?) for naive backtrack.

- BIM STRUCT 2021/2022 - Lecture 2 - 6/ 20

Yann Ponty (CNRS & Polytechnique)



Backtracking
Backtracking to reconstruct MFE structure:
En(i,))
Es(i,j) + M'is1,j-1
Ming: j+ (Egi(i, ', j) + M'i jr)
a+ ¢+ Mine( Migp1 -1 + M'ij1)

Mi; = Min

M j «~ = - Min, { min (M,‘ykjl,,b(k/f 1)) ﬁMﬁk,l‘}

M=~ Mm-{b+ M- C:F//\/?i,j}
Complexity:

For each min, O(n) potential contributors
= Worst-case complexity in O(n?) for naive backtrack.
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Backtracking

Backtracking to reconstruct MFE structure:

i
M ij

5
M ij

Complexity:

En(i,))
Es(i, ) + M'iz1,j-1
Ming: j+ (Egi(i, ', j) + M'i jr)
a+c+Ming( Mgt k-1 + M'yj1)

Min

Ming { min (M1, b(k = 1)) + My }

Ming {b + ./\/11/‘,/71 ,C+ MI!’J}

For each min, O(n) potential contributors
= Worst-case complexity in O(n?) for naive backtrack.
Keep best contributor for each Min = Backtracking in O(n)
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Backtracking

Backtracking to reconstruct MFE structure:

i
M

5
M ij

Complexity:

En(i,))
Es(i, ) + M'iz1,j-1
Ming: j+ (Egi(i, ', j) + M'i jr)
a+ ¢+ Ming( Mg k-1 + M j1)

Min

Ming { min (M1, b(k = 1)) + My }

Ming {b + ./\/11/‘,/71 ,C+ M/i,j}

For each min, O(n) potential contributors
= Worst-case complexity in O(n?) for naive backtrack.
Keep best contributor for each Min = Backtracking in O(n)

= UnaFold [MZ08)/RNAFold [HFS*94] compute the MFE for the Turner model
in overall' time/space complexities in O(n®)/O(n?)

'Using a trick/restriction for internal loops...
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Outline

Boltzmann ensemble
Nussinov: Minimisation = Counting
Computing the partition function
Statistical sampling
Performances and the comparative approach
Towards a 3D ab-initio prediction
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The canonical Bolizmann Ensemble

RNA breathes = There is no more than a single conformation.

New paradigm
The conformations of an RNA coexist in the Boltzmann distribution.

Consequence: The MFE probability can be arbitrarily small.
= To understand how RNA acts, one must account for the set of alternative structures.

o4

In particular, structurally close structures may ally, and become the most realistic candidate in the
search for a functional conformation.
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The canonical Bolizmann Ensemble

RNA breathes = There is no more than a single conformation.

New paradigm
The conformations of an RNA coexist in the Boltzmann distribution.

Consequence: The MFE probability can be arbitrarily small.
= To understand how RNA acts, one must account for the set of alternative structures.

In particular, structurally close structures may ally, and become the most realistic candidate in the
search for a functional conformation.
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Boltzmann Distribution: Definition

For each structure S compatible with an RNA w, the Boltzmann distribution associates a Boltzmann
factor Bs,., = 6%, where:

> Es. is the free-energy S (kCal.mol™")

» T is the temperature (K)

> Ris the perfect gaz constant (1.986.1073 kCal.K~".mol~")

To obtain a distribution, one simply renormalizes by the partition function

where S, is the set of conformations that are compatibles with w.

The Boltzmann probability of a structure S is simply given by

—Esw
e RT

PS,w = Zw
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Nussinov/Jacobson DP scheme

, P po ko
Nt = 0, Vteli,i+6]
N1 i unpaired
N.: = J P .
¥ min - 1AG;,k + Nip1k—1 4 Ny, i paired with k

k=i+6+

Ambiguity? Consider i: Either unpaired, or paired to k.
Sets of structures generated in these two cases are clearly disjoint.
(also holds for various values of k) = Unambiguous decomposition

Completeness?True, since scheme explores every possible outcome for i.
+ Induction on interval length = Complete decomposition
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Nussinov/Jacobson DP scheme

>0
L g e = *—0 + I~
i j i j i k j
Recurrence for minimal free-energy of a fold :
Ni; = 0, Vteli,i+0]
Nii1,j (7 unpaired)

N, = i : . )
e min { mlnj,(:i+0+1 E/1k+Ni+17k_1—|-Nk+1’j (I comp. with k)

Recurrence for counting compatible structures :

Cip = 1, Vtel[i,i+0]
c. - Cit1) (7 unpaired)
i = Z ka:i+9+11 X Cit1,k—1XCky1,; (i comp. with k)

Decomposition matters, and the rest (MFE, count.. .) follows!
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Partition function

Partition function = Weighted count over compatible structures

i i+l j i k j
Zit 1, Vteli,i+0]
Zig,j
J
Z. .
" Z Z 1 X Zigtk—1 X 2kt

k=i+6+1
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Partition function

Partition function = Weighted count over compatible structures

i j i+l j i k j
Zit 1, Vteli,i+0]
Zit1,j
. i — B i:K)
21 Z Z e AT X Ziptk—1 X Zki1,)
k=i+6+1
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Partition function
Partition function = Weighted count over compatible structures

0 i \ be

AN
01000 .

A ‘x, ot

En(i,j)
o om Es(i,j) + M'iz1,j-1
Mij = Min Min(Ea(i, /', j',J) + M’ ;)
a+c+Min (Mg k1 + Mg +)
Mi; = Min {Min (Mikr, b(k — 1)) + M'k,,}
M'y; = Min {b+ Mg, c+ My
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Partition function

Partition function = Weighted count over compatible structures

oo v \ be

. ¢
01000 :

N @ ‘X, _ {M‘*

—ER(i.j)
e AT
Eg(i)
v Vi e AT 4+ M'ip1j1
ij = n —Egy(iri’ i’ i)
] . Bl
Min ( e T7+M’,-,J-,)
~(a+c)

e AT 4+ Min (Mg p—1+M'kj1)

—b(k—1)
M;; = Min {Min (M,-,k,1,eT) &+ M‘K,,}
My = Min {e%’ + My, €7 + M’,,,}
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Partition function

Partition function = Weighted count over compatible structures

' >
0-i0ny

W P ‘x, _ {"*"*

—En(i)
e AT
—Eg(i)
o i e AT M'iy1j1
iji = n —Egy(ini’ ,j’ .J)
" Min (e A" M';
—(a+c)

e AT Min (Mgt k-1 Mk j—1)

q A —b(k—1) 1
Mi; = MinqMin ( M;x_1,8" AT Mk
MYy = Min{e%/\/ﬂ,,;he%/\/tli,j}
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Partition function

Partition function = Weighted count over compatible structures

o0 s ) 7

1 ¢
0-i0ny

SR % _ {H&

—Ep(i))
e AT

—Egli,j) . .
e A2 (i4+1,j 1)
2'(i)) = Z s <efEa/(F"vTr g Z’(i’,j’))
—(at+e)

+e Y (Z(i+ 1,k — 1)2' (k,j— 1))
Z(i,j) = Z(z(i,k—1)+e%m?@) 2" (k.j)

Z'(i,))

o7 2'(i,j — 1)+e7 Z'(i,j)
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Partition function
Partition function = Weighted count over compatible structures

Ziy = 1, Vtelii+0]
Zi,j
R / — By (1K)
Z/,/ Z Z e AT X Zi+1,k—1 X Zk+1,/’
k=it 0+1

Validity of a partition function computation:
» Completeness/Unambiguity of decomposition scheme
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Partition function
Partition function = Weighted count over compatible structures

Zi = 1, Vtelii+6

Z/+1/
z. = —Euplirk)
o Z Z e A x Zistk—1 X Zk41,j

k=i+6+1

Validity of a partition function computation:
» Completeness/Unambiguity of decomposition scheme
» Correctness of Boltzmann factor
Weight induced by backtrack = Product of derivations weights
e E/RT _, Weight products < Summing energy terms

e Epp(i,k)/RT

_ Z o~ ¥/RT . o=

AT
X Zigt k=1 X Zkq1,j = Z e E/ Z e

)/RT

E(y)/RT

e EW/RT

- Z e (Eop(L+E()+E(y))/RT

X,y
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Statistical sampling of RNA 22" structures

MFE (< Max probability) may be heavily dominated by a set B of structurally similar suboptimal
structures.
=- Functional conformation probably closer to 55 than to MFE.

-

» Sample structures within Boltzmann probability

b

Proof-of-concept: [DCLO05]

» Cluster structures
» Build and return consensus structure of the heaviest cluster
= Relative improvement for specificity (+17.6%) and sensitivity (+21.74%, except group Il introns)

Problem
How to sample from the Boltzmann ensemble?
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Stochastic backtrack (adapted from SFold)

Goal [pLo3]: From sequence w, draw S with prob. e £s/fT/ z

Principle: Choose derivation with prob. prop. to its contribution to part. fun.
Precomputation: Compute part. fun. versions of matrices (2, 2’, Z").
Stochastic backtrack:

—Eg(i,j

(7-])
A Z/(i4+1,j - 1)

© @
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Stochastic backtrack (adapted from SFold)

Goal [pLo3): From sequence w, draw S with prob. e~£s/fT /z

Principle: Choose derivation with prob. prop. to its contribution to part. fun.
Precomputation: Compute part. fun. versions of matrices (2, 2’, Z").
Stochastic backtrack:

1. Draw uniform random number r € [0, Z’(i, f))

—Ex()) —Es(i))

e A +e A Z'(i+1,j—1)
( UL Z’(i’,j’))

e
(Z(i+1,k—=1)Z"(k,j—1))

Zl(lvj) = Z

e AT

2
—(a+c) Z

© @
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Stochastic backtrack (adapted from SFold)

Goal [pLo3): From sequence w, draw S with prob. e~£s/fT /z

Principle: Choose derivation with prob. prop. to its contribution to part. fun.
Precomputation: Compute part. fun. versions of matrices (2, 2’, Z").
Stochastic backtrack:

1. Draw uniform random number r € [0, Z'(i, f))
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e H” 4 e Rsr(i'i)z’(i—s- 1,j—1) ®
Zj) = z (e ’”Z’(ic/')>
S (241 k- 1)Z'(kj-1)) ©

I

Ar—A—B—Bi1—...—B1—B—C/— Cir1—...—C-1—C;
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Stochastic backtrack (adapted from SFold)

Goal [pLo3): From sequence w, draw S with prob. e~£s/fT /z

Principle: Choose derivation with prob. prop. to its contribution to part. fun.
Precomputation: Compute part. fun. versions of matrices (2, 2’, Z").
Stochastic backtrack:

1. Draw uniform random number r € [0, Z'(i, f))
2. Subtract from r the contributions of Z’(i, j) until r < 0

*EH(’/ —Es(i))

e +e A Z'(i+1,j—1)
2 = z (e ’”Z’(ic/')>
o S (231K~ 1)Z" (k] — 1))

[

Ai—A—B—Bi1—...—B_1—B—Ci—Ciy1—...— Ci_1—G;
N

®

©
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Stochastic backtrack (adapted from SFold)

Goal [pLo3): From sequence w, draw S with prob. e~£s/fT /z

Principle: Choose derivation with prob. prop. to its contribution to part. fun.
Precomputation: Compute part. fun. versions of matrices (2, 2’, Z").
Stochastic backtrack:

1. Draw uniform random number r € [0, Z'(i, f))
2. Subtract from r the contributions of Z’(i, j) until r < 0
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e H” 4 e 57“'”2’(/4—1,/'—1) ®
20 = X Z<e L ’”Z’(iﬁﬂ)
S (24 1.k- D)2 (kj—1) ©

!
Ai—A—B—Bi1—...—B_1—B—Ci—Ciy1—...— Ci_1—G;
AN A
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Stochastic backtrack (adapted from SFold)

Goal [pLo3): From sequence w, draw S with prob. e~£s/fT /z

Principle: Choose derivation with prob. prop. to its contribution to part. fun.
Precomputation: Compute part. fun. versions of matrices (2, 2’, Z").
Stochastic backtrack:

1. Draw uniform random number r € [0, Z'(i, f))
2. Subtract from r the contributions of Z’(i, j) until r < 0

*EH(’/ —Es(i))

e +e AT Z'(i+1,j-1) @

2 = Y > (e¥zo/))

—(a+c)
RT

S(2(i+1.k—1)Z"(k,j—1)) @

!
Ar—Ae—Bi—Bji1—...—B-1—B—Ci—Ci1—...—C1—G
N A AN I

- BIM STRUCT 2021/2022 - Lecture 2 - 14 /20

Yann Ponty (CNRS & Polytechnique)



Stochastic backtrack (adapted from SFold)

Goal [pLo3): From sequence w, draw S with prob. e~£s/fT /z

Principle: Choose derivation with prob. prop. to its contribution to part. fun.
Precomputation: Compute part. fun. versions of matrices (2, 2’, Z").
Stochastic backtrack:

1. Draw uniform random number r € [0, Z'(i, f))
2. Subtract from r the contributions of Z’(i, j) until r < 0
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—E(, (i)
e W 4o W Z(i41,j-1) oY)
Epg(i, /’,",')
i) = Y z (e z’(:’:/))
S (21 1k- D2 (k1)) © :
L H
Ai—A>—B—Bi1—...—B_1—B—Ci—Ciy1—...— Ci_1—C; s
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Stochastic backtrack (adapted from SFold)

Goal [pLo3): From sequence w, draw S with prob. e~£s/fT /z

Principle: Choose derivation with prob. prop. to its contribution to part. fun.
Precomputation: Compute part. fun. versions of matrices (2, 2’, Z").
Stochastic backtrack:

1. Draw uniform random number r € [0, Z'(i, f))
2. Subtract from r the contributions of Z’(i, j) until r < 0
3. Recurse over associated regions/matrices

—Eq()) —Es(in))

BIM STRUCT 2021/2022 - Lecture 2 - 14 /20

e W e W (i1 1,j 1)
Z/(IJ) _ Z Z (e 8L Z (I »] )>
TS (204 1,k - )2 (k,j— 1))

Correctness: Each S € S., uniquely generated (DP scheme unambiguity)
Therefore the probability of generated S is
ps — B(Ei) B(E:) B(Es) B({S})
S~ B(Sw) B(Ei) B(E) " B(En)
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Stochastic backtrack (adapted from SFold)

Goal [pLo3): From sequence w, draw S with prob. e~£s/fT /z

Principle: Choose derivation with prob. prop. to its contribution to part. fun.
Precomputation: Compute part. fun. versions of matrices (2, 2’, Z").
Stochastic backtrack:

1. Draw uniform random number r € [0, Z'(i, f))
2. Subtract from r the contributions of Z’(i, j) until r < 0
3. Recurse over associated regions/matrices

—Ep(i) —Eg(i)

© @
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e W e W (i1 1,j 1)
Z/(IJ) _ Z Z (e 8L Z (I »] )>
Y (234 1,k - 12 (k) - 1)

Correctness: Each S € S., uniquely generated (DP scheme unambiguity)
Therefore the probability of generated S is

1 1 1 B{S}H

TBS.) 11T A

Ps
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Stochastic backtrack (adapted from SFold)

Goal [pLo3): From sequence w, draw S with prob. e~£s/fT /z

Principle: Choose derivation with prob. prop. to its contribution to part. fun.
Precomputation: Compute part. fun. versions of matrices (2, 2’, Z").
Stochastic backtrack:

1. Draw uniform random number r € [0, Z'(i, f))
2. Subtract from r the contributions of Z’(i, j) until r < 0
3. Recurse over associated regions/matrices

=) Esd)
e At e A Z'(i+1,j—1) @

i) = Y 5 (e ™ 200

—(a+c)

e WS (241, k- )2 (kj—1) ©

Correctness: Each S € S,, uniquely generated (DP scheme unambiguity)
Therefore the probability of generated S is

B({S}) _ e =/fT
B(S.) 2

ps = = Ps,
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Complexity

Goal [DLo3): From sequence w, draw S with prob. e~£s/fT /z

Stochastic backtrack:
1. Draw uniform random number r € [0, Z'(i, f))
2. Subtract from r the contributions of Z’(i, j) until r < 0
3. Recurse over associated regions/matrices

—Es(is))

+e A Z'(i+1,j—1)

(i4+1,k— (k,j—1)) @

l
..—BER—B—C—Cii— .. —{CC;

N AN

Average-case complexity in ©(k x n+/n) (homopolymer model) [Ponos].
Boustrophedon search = O(k x nlog n) worst-case [Pon0s].

®
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Complexity

Goal [DLo3): From sequence w, draw S with prob. e~£s/fT /z

Stochastic backtrack:
1. Draw uniform random number r € [0, Z'(i, f))
2. Subtract from r the contributions of Z’(i, j) until r < 0
3. Recurse over associated regions/matrices

—Ep(is) —Eg(i.j)
e 5{714_3 gTIZ'(i+1,j—1) @
—E, (f,f/,'/,')
i) = 3 x (e 20)

—(a+c)

e A S (Z(i+1,k—1)Z"(k,j—1)) ©

A—@—B—Ba—. .. —BE—B)—C—Cii—. ..—{C1—(C;
N,

After ©(n) operatians, récurse over region of length n — 1
= Worst-case complexity in O(k x n?) for k samples

Average-case complexity in ©(k x ny/n) (homopolymer model) [Ponos].
Boustrophedon search = O(k x nlog n) worst-case [Pon08].
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Two main approaches

Definition (Ab initio folding)

Starting from sequence, find conformation that minimizes free-energy.

Advantages: Limitations:
» Mechanical nature allows the (in)validation of » Hard to include PKs
models » Highly dependent on energy model
> Reasonable complexity » No cooperativity

O(n®)/O(n?) time/space

i » Limited performances
» Exhaustive nature
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Two main approaches

Definition (Ab initio folding)

Starting from sequence, find conformation that minimizes free-energy.

Advantages: Limitations:
» Mechanical nature allows the (in)validation of » Hard to include PKs
models » Highly dependent on energy model
> Reasonable complexity » No cooperativity

O(n®)/O(n?) time/space

i » Limited performances
» Exhaustive nature

Definition (Comparative approach)

Starting from homologous sequences, postulate common structure and find best possible tradeoff
between folding & alignment.

Avantages : Limitations
» Better performances » Easily unreasonable complexity
> (Limited) cooperativity > Non exhaustive search

» Self-improving » Captures transient structures
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Performances

UUAGGCGGCCACAGC
GGUGGGGUUGCCUCC
CGUACCCAUCCCGAA
CACGGAAGAUAAGCC
CACCAGCGUUCCGGG
GAGUACUGGAGUGCG

CGAGCCUCUGGGAAA
CCCGGUUCGCCGCCA
cc

Sequence

Reminder: Mcc=

theo —rHi—

\/(t++l+)(t++f— Yt~ +FE)(E— +f7)

2%V Structure

~17/20
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Performances

UUAGGCGGCCACAGC
GGUGGGGUUGCCUCC
CGUACCCAUCCCGAA
CACGGAAGAUAAGCC
CACCAGCGUUCCGGG
GAGUACUGGAGUGCG

CGAGCCUCUGGGAAA
CCCGGUUCGCCGCCA
cc

Sequence

Taille Sens.
{700 70-73%
[MSZT99, DCCG04]
16s,23s  ~50% \
MCC~ 0.5 [GG04]

Thermodynamics

Reminder: Mcc=

2%V Structure

i e
\/(t++l+)(t++f— Yt~ +FE)(E— +f7)
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Performances

UUAGGCGGCCACAGC
GGUGGGGUUGCCUCC
CGUACCCAUCCCGAA
CACGGAAGAUAAGCC
CACCAGCGUUCCGGG
GAGUACUGGAGUGCG

CGAGCCUCUGGGAAA
CCCGGUUCGCCGCCA
cc

Sequence

Taille Sens.
{700 70-73%
[MSZT99, DCCG04]
16s,23s  ~50%
MCC~ 0.5 [GGo4]
Thermodynamics

2%V Structure

Sens.  Spé.  MCC. j
~75% ~75% 0.8

Comparative [GG04]

theo —rHi—

Reminder: McC=
V) (= )t )= +)
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Towards a 3D ab-initio prediction

Goal: From sequence to all-atom/coarse grain 3D models!!!

UUAGGCGGCCACAGC
GGUGGGGUUGCCUCC
CGUACCCAUCCCGAA
CACGGAAGAUAAGCC
CACCAGCGUUCCGGG
GAGUACUGGAGUGCG

CGAGCCUCUGGGAAA
CCCGGUUCGCCGCCA
cc

Séquence

3% Structure
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Towards a 3D ab-initio prediction

Goal: From sequence to all-atom/coarse grain 3D models!!!

» Comparative models + Molecular dynamics: RNA2D3D [SYKB07]

UUAGGCGGCCACAGC
GGUGGGGUUGCCUCC
CGUACCCAUCCCGAA
CACGGAAGAUAAGCC
CACCAGCGUUCCGGG
GAGUACUGGAGUGCG

CGAGCCUCUGGGAAA
CCCGGUUCGCCGCCA
cc

Séquence

Comparative
KNetFold

{

2% Structure

+ Pseudoknots
A\ J

Molecular
dynamics

3% Structure
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Towards a 3D ab-initio prediction

Goal: From sequence to all-atom/coarse grain 3D models!!!

» Pipeline MC-Fold/MC-sym [PM08]

UUAGGCGGCCACAGC
GGUGGGGUUGCCUCC
CGUACCCAUCCCGAA
CACGGAAGAUAAGCC
CACCAGCGUUCCGGG

GAGUACUGGAGUGCG é
CGAGCCUCUGGGAAA

CCCGGUUCGCCGCCA MCFold

cc

Séquence

MCSym

/ Q‘ %)

2%7* Structure 3% Structure
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