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Overview of Methods

 Covariation using mutual information
 requires reliable multiple sequence/structure

alignment of many RNAs
 Stochastic context free grammars

(generalization of HMMs)
 Energy minimization methods

FOCUS of talk on energy minimization, but first
briefly mention other two methods.



Context free grammar for
 L= {well-balanced parenthesis expressions}
consists of rules

S λ | (S) | SS
Key notions:
λ is empty word
Terminal symbols: ‘(‘, ‘)’
Variables: S

Stochastic context free grammars



Derivation
   S  (S) (SS) ((S)S) 

(( )S)  (( )(S))   (( )( ))

Leftmost derivation (apply rule to
leftmost occurring variable in each
step)

One-one association between leftmost
derivations and parse trees



Context free grammar for RNA consists of
following rules (here, balanced
parentheses correspond to Watson-Crick
or GU base pairs).

S  λ | AS | CS | GS | US | ASU | USA
| CSG | GSC | GSU | USG | SS



 Branching given by rule S SS
 Watson-Crick base pairings given
 by rules

S  ASU | GSC | etc.
 Unpaired bases (e.g. in hairpin loop)

given by rules
S  AS | GS | etc.

 Stochastic grammar has probabilities
associated with rule applications



http://www.genetics.wustl.edu/eddy/tRNAscan-SE/







Case 1: j not base paired

Case 2: j base paired with 1

Case 3: j base paired with intermediate k



Dynamic programming order of filling in matrix:
left to right along principal diagonal, then successively
fill off-diagonals proceeding outwards.





backtrack(i,j)
Linear time backtracking

algorithm after the energy matrix
is filled





Zuker-Stiegler modification of
Nussinov-Jacobson
1) An isolated base pair contributes no energy by itself; instead

consider experimentally measured stacking energies
5’-XA-3’
3’-YB-5’

2) Consider experimentally measured loop energies for
hairpin,bulge and internal loops (not multiloops).

3) Affine approximation for multiloop energy
a+bI+cU

 for I internal base pairs and U unpaired bases in multiloop
having external pair (i,j), i.e. within i+1,…,j-1.



UCC, 1ASZ:R:601-603

Note the base stacking.



Ding and Lawrence, A statistical sampling algorithm for {RNA} secondary structure
  prediction, Nucleic Acids Res., 31(24):7280--7301 (2003)



mfold base stacking energies at
37 degrees Celsius



Loop energies from Vienna RNA
package v1.6
PUBLIC int hairpin37[31] = {
  INF, INF, INF, 570, 560, 560, 540, 590, 560, 640, 650,
       660, 670, 678, 686, 694, 701, 707, 713, 719, 725,
       730, 735, 740, 744, 749, 753, 757, 761, 765, 769};

PUBLIC int bulge37[31] = {
  INF, 380, 280, 320, 360, 400, 440, 459, 470, 480, 490,
       500, 510, 519, 527, 534, 541, 548, 554, 560, 565,
  571, 576, 580, 585, 589, 594, 598, 602, 605, 609};

PUBLIC int internal_loop37[31] = {
  INF, INF, 410, 510, 170, 180, 200, 220, 230, 240, 250,
       260, 270, 278, 286, 294, 301, 307, 313, 319, 325,
       330, 335, 340, 345, 349, 353, 357, 361, 365, 369};



stacked base pair
  CG     GC     GU     UG     AU     UA 

-240,  -330,  -210,  -140,  -210,  -210
-330,  -340,  -250,  -150,  -220,  -240
-210,  -250,   130,   -50,  -140,  -130
-140,  -150,   -50,    30,   -60,  -100
-210,  -220,  -140,   -60,  -110,   -90
-210,  -240,  -130,  -100,   -90,  -130



5’ dangle
5' dangling ends (unpaired base stacks on first paired base)
  A     C     G     U  
-50,  -30,  -20,  -10 CG  (stacks on C)
-20,  -30,   -0,   -0 GC  (stacks on G)
-30,  -30,  -40,  -20   GU 
-30,  -10,  -20,  -20   UG 
-30,  -30,  -40,  -20   AU 
-30,  -10,  -20,  -20   UA 



3’ dangle

3' dangling ends (unpaired base stacks on second paired base

   A     C     G     U
-110,  -40, -130,  -60 CG  (stacks on G)
-170,  -80, -170, -120 GC
- 70,  -10,  -70,  -10 GU
- 80,  -50,  -80,  -60 UG
- 70,  -10,  -70,  -10 AU
- 80,  -50,  -80,  -60 UA



tetraloop: +5.6
GNRA tetraloop bonus: -1.5
terminal mismatch: -2.4
GC stacked bp: -3.3
2-bulge: +2.8
2xGC stacked bp: -6.8
3’ dangle:   -0.8

 MFE of GGGAUGGGGAACCCCCC is -6.20 kcal/mol



GGGAAC
(....)
energy =  +1.70
tetraloop:  +5.60
GNRA bonus: -1.50
terminal mismatch: -2.40

GGGGAACC
((....))
energy = -1.60
previous:   +1.70
stacked bp: -3.30



UGGGGAACC
.((....))
energy = -1.60
previous:        -1.60
5' dangle on GC: 0

AUGGGGAACC
..((....))
energy = -1.60
previous:        -1.60
unpaired nondangle: 0

GAUGGGGAACCC
(..((....)))
energy =  +1.20
previous: -1.60
2-bulge:  +2.80



GGAUGGGGAACCCC
((..((....))))
energy =  -2.10
previous: +1.20
stacked bp: -3.30

GGGAUGGGGAACCCCC
(((..((....)))))
energy =  -5.40
previous: -2.10
stacked bp: -3.30

GGGAUGGGGAACCCCCC
(((..((....))))).
energy =  -6.20
previous: -5.40
3' dangle of C on GC: -0.80





Free energy measurements
 Free energy determination using absorption

measurements in spectrophotometer (optical
melting experiments)

 Two state equilibrium: all or none, folded or
unfolded

 Pioneering work by Tinoco, followed by
Turner.

 Energy model often called Turner energy
model.



See “Thermodynamics of formation of secondary structure in nucleic acids”,
Tinoco, Schmitz, in Thermodynamics in Biology, ed E. di Cera (2000)









See “Thermodynamic parameters for an expanded nearest-neighbor model for
Formation of RNA duplexes with Watson-Crick base pairs”, Xia et al.
Biochemistry 37:14719-14735 (1998)

Nearest neighbor model (stacked
base pairs)







“Feynman diagram of recursions
for Zuker’s algorithm”

Variations on RNA Folding and Alignment, 
Athanasius F. Bompfuenewer, J Math Biol (2007) in press.



Types of loop in pseudocode

Variations on RNA Folding and Alignment, 
Athanasius F. Bompfuenewer, J Math Biol (2007) in press.



Pseudocode of Vienna Package
implementation of Zuker’s algorithm

Variations on RNA Folding and Alignment, 
Athanasius F. Bompfuenewer, J Math Biol (2007) in press.



Vienna Package implementation of
McCaskill’s algorithm

Variations on RNA Folding and Alignment, 
Athanasius F. Bompfuenewer, J Math Biol (2007) in press.



Notation change: Fi,j = W(i,j), Ci,j = V(i,j), Mi,j = WM(i,j).







bmatch.  i-match
 “An RNA folding method capable of identifying

pseudoknots and base triples”, by Tabaska, Cary,
Gabow and Stormo Bioinformatics 14(8) 1998.

 BASIC IDEA: Given RNA sequence of length n,
apply maximum weight matching to complete,
weighted (undirected) graph G = (V,E)
 V = {1,2,…,n}
 E = all possible Watson-Crick and GU pair positions {i,j}
 weight edges by mutual information using reliable

sequence-structure alignment of many orthologous RNAs.
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Cary-Stormo in ISMB’95 weighted edges
{i,j} by mutual information, and applied Ed
Rothberg’s implementation wmatch of
Gabow’s O(n3) maximum weight matching
algorithm.



i-match algorithm

“An RNA folding method capable of identifying pseudoknots
and base triples”, Tabaska et al., Bioinformatics 14 (8) 1998

Pseudoknots can be detected using Cary-Stormo algorithm.



i-match algorithm contd.

“An RNA folding method capable of identifying pseudoknots
and base triples”, Tabaska et al., Bioinformatics 14 (8) 1998



Handling base triples with bmatch

“An RNA folding method capable of identifying pseudoknots
and base triples”, Tabaska et al., Bioinformatics 14 (8) 1998



Handling base triples, contd.

“An RNA folding method capable of identifying pseudoknots
and base triples”, Tabaska et al., Bioinformatics 14 (8) 1998



Handling base triples, contd.

“An RNA folding method capable of identifying pseudoknots
and base triples”, Tabaska et al., Bioinformatics 14 (8) 1998



Raw output of i-match on tRNA

“An RNA folding method capable of identifying pseudoknots
and base triples”, Tabaska et al., Bioinformatics 14 (8) 1998



tRMA after i-match output filtration

“An RNA folding method capable of identifying pseudoknots
and base triples”, Tabaska et al., Bioinformatics 14 (8) 1998



bmatch

“An RNA folding method capable of identifying pseudoknots
and base triples”, Tabaska et al., Bioinformatics 14 (8) 1998



Detecting ncRNA
genes

Washietl, Hofacker, Stadler

“Fast and reliable prediction of
noncoding RNAs”, Washietl,
Hofacker and Stadler,
PNAS 102(7): 2454-2459 (2005)



Algorithm RNAZ
 INPUT: alignment A of RNAs, as  produced by

ClustalW or from Comparative Regulatory Genomics
(CORG) database for functional RNAs

 OUTPUT: Score between 0 and 1, measuring
likelihood that alignment contains structural RNAs

 IDEA: Combine average Z-scores of RNAs in
alignment, computed using shuffling, together with a
measure of commonality of secondary structure and
covariation of base pairs



 Using RNAALIFOLD, compute energy EA of
alignment A using dynamic programming secondary
structure prediction together with covariance term
for compensatory and consistent mutations

 Using RNAfold, compute average minimum free
energy <E> of RNAs in alignment A

 SCI = EA /<E>
 Z = average Z-scores of RNAs in alignment A



“Fast and reliable prediction of noncoding RNAs”, Washietl, Hofacker and Stadler, 
PNAS 102(7): 2454-2459 (2005)



 Using LIBSVM, train support vector machine (SVM)
as binary classifier for structural RNA, given feature
vectors:
  SCI
 Z
 number of RNAs in alignment A
 mean pairwise sequence identity of RNAs in A

 In training set, positive (+1) training examples are
alignments of structural RNA from same class in
Rfam, negative (-1) training examples obtained by
shuffling columns and applying ClustalW

 SVM outputs score P. Compute sensitivity and
specificity using threshold P



Novel procedure to compute Z-
scores
 Generate 10,648 random sequences of lengths

ranging from 50 to 400 nt. in increments of 50 nt.
with base composition GC/AU, A/U, G/C ratios from
0.25 to 0.75 in increments of 0.05

 Using RNAfold, compute Z-scores of random
sequences

 Using LIBSVM, train support vector machine (SVM)
to determine 2 regression models: model for µ
MFE, model for σ MFE.

 SVM uses ν variant of regression and uses radial
basis kernel.



“Fast and reliable prediction of noncoding RNAs”, Washietl, Hofacker and Stadler, 
PNAS 102(7): 2454-2459 (2005)



THANKS!


