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ABSTRACT : Many bioinformatics studies require the 
analysis of RNA structures. More specifically, extensive 
work is done to elaborate efficient algorithms able to 
predict the 2-D folding structures of RNA. The core of 
RNA structure is a dynamic programming algorithm to 
predict RNA secondary structures from sequence based 
on the principle of minimizing free energy. In this paper 
the thermodynamic data have been used for RNA 
predictions. 
 In this paper the free energy minimization and 
the partition function code has been used to predict 
internal loops of any size in O (N3) time. The free energy 
table for multibranch loops has been used by Dynalign. 
Base pair probabilities have been determined by the 
partition function calculation. Parameters controlling the 
prediction of suboptimal structures are Max % Energy 
Difference and Max Number of Structures. The fold 
module provides the basic implementation of RNA 
secondary structure prediction. 
A Dynalign dot plot, a separate dot plot is generated for 
each of the two sequences involved. OligoScreen calculates 
the unimolecular and bimolecular folding free energies for 
a set of RNA oligonucleotides. 
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1.  INTRODUCTION  

 
The computation of secondary structural folding of 
RNA or single-stranded DNA is a key element in many 
bioinformatics studies and has been extensively studied 
for many years. The firsts to propose an algorithm to 
predict the folding structure of RNA sequences is 
Waterman, Smith [1, 2]. This algorithm is based on 
Dynamic Programming with a complexity of O (n3). 
 Following this pioneer work, several 
improvements have been done leading to different 

kinds of dynamic programming algorithms. We can 
cite: (1) the computation of the most stable structure 
through energy minimization running in O(n3), 
introduced by Zuker and Stiegler [3] which outputs a 
single optimal structure and its corresponding energy ; 
(2) the computation of a partition function over all 
possible structures for deriving additional properties of 
the thermodynamic ensemble such as the base pairing 
probabilities of any base pair [4] ; (3) the computation 
of suboptimal structures which generates all structures 
within a given energy range of the optimal one. 
 
2. RNA FOLDING ALGORITHIM 
 
This section exposes the principles of the folding 
algorithm.  
 
2.1 RNA STRUCTURE 
 
RNA is transcribed (or synthesized) in cells as single 
strands of (ribose) nucleic acids. However, these 
sequences are not simply long strands of nucleotides. 
Rather, intra-strand base pairing will produce structures 
such as the one shown below. 

 
Figure 1: RNA Secondary Structure 

 
In RNA, guanine and cytosine pair (GC) by forming a 
triple hydrogen bond, and adenine and uracil pair (AU) 
by a double hydrogen bond; additionally, guanine and 
uracil can form a single hydrogen bond base pair.  
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The stability of a particular secondary structure is a 
function of several constraints:  

1 The number of GC versus AU and GU base 
pairs.(Higher energy bonds form more stable 
structures.)  

2 The number of base pairs in a stem region. 
(Longer stems result in more bonds.)  

3 The number of base pairs in a hairpin loop 
region.(Formation of loops with more than 10 or 
less than 5 bases requires more energy.)  

4 The number of unpaired bases, whether interior 
loops or bulges. (Unpaired bases decrease the 
stability of the structure.)  

2.2 ENERGY MODEL 

The algorithm is designed to find the most stable 
structure of a RNA sequence. It is used for the search of 
micro RNAs where the stability of the secondary 
structure is an important feature. 

A secondary structure is described by a list of 
base pairs i · j where each base forms at most one pair. 
The algorithm is based on a decomposition of the 
secondary structure into its constituent loops. Each loop 
is associated with an experimentally measured energy 
according to its sequence, length and type. 

 The stability of a secondary structure is 
quantified as the amount of free energy released or used 
by forming base pairs. Positive free energy requires 
work to form a configuration; negative free energies 
release stored work. Free energies are additive, so one 
can determine the total free energy of a secondary 
structure by adding all the component free energies 
(units are kilocalories per mole). The more negative the 
free energy of a structure, the more likely is formation 
of that structure, because more stored energy is 
released. This fact is used to predict the secondary 
structure of a particular sequence.  
 To compute the minimum free energy of a 
sequence, empirical energy parameters are used. These 
parameters summarize free energy change (positive or 
negative) associated with all possible pairing 
configurations, including base pair stacks and internal 
base pairs, internal, bulge and hairpin loops, and 
various motifs which are know to occur with great 
frequency.  

2.3 ALGORITHM 

 The dynamic programming [5] algorithm uses three 
tables: Q′i,j is the minimum energy of folding of a 
subsequence i, j given that bases i and j form a base 
pair; Q i,j and QM i,j are the minimum energy of folding 
of the subsequence i, j assuming that this subsequence 

is inside a multiloop and that it contains respectively at 
least one and two base pairs. A simplified model of the 
recursion relations can be written as: 

 

  Eh(i,j) E(i,j,k,l) Es(i,j)are respectively energies of 
:

      

Figure 2: Secondary Structure .The secondary 
structure begins in 1 with stacked base pairs (two 
closing base pairs with both sides of the loop of length 
zero). 2 is an interior loop (two closing base pairs with 
both sides non null). 3 show a multiloop (several 
closing base pairs). 4 is a bulge loop (two closing base 
pairs with one loop side of length zero and the other 
greater than zero. 5 and 6 are hairpin loops (one closing 
base pair). The structure can also be written in a dot 
bracket representation where an unpaired base is a dot 
and a base pair is a matching pair of parenthesis. The 
free energy of the structure is the sum of the energies of 
its constituent loops. 
 
– Eh(i, j): a hairpin loop closed by the pair i · j. 
– Ei(i, j, k, l): an interior loop formed by the two base 

pairs i · j, k · l. 
– Es(i, j): two stacked base pairs i · j and (i + 1)·(j − 1). 
 
These functions compute energies through the use of 
lookup tables containing energy parameters according 
to the size and sequence of the loop.  

Ej being the minimum free energy of 
subsequence 1 . . . j, the minimum free energy En of the 
whole sequence is then obtained through the recursion: 
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 '
1 1 1 ,min ,min ( )j j k j k k jE E E Q               (4) 

Dynamic programming using this recursion computes 
the minimum free energy of a sequence of length n in  
O(n2 · L2 + n3) by restricting the loop size of interior 
loops to L. The corresponding secondary structure is 
then obtained by a trace-back procedure. 
 
2.4 STRING NOTATION  
 
Several representations of secondary structure have 
been utilized, each with different advantages. The 
planar graph representation shown above gives an 
intuition for the shape of an RNA sequence, but the 
same structure could also be represented in string 
notation. In string notation, balanced parenthesis is used 
to indicate paired bases, and periods are used to indicate 
unpaired bases. The secondary structure in the above 
figure is given as ((((((((((((((....)))))))))))))) in string 
notation. 

The number of possible secondary structures (S) of n 
bases with k base pairs is given as 

11
( , )

1 1

n k n k
S n k

k kk

     
        

 
(5) 

 
2.5 OLIGOWALK 
 

 
Figure 3: OligoWalk 

 

 
Figure 3: Graph of OligoWalk 

 
This provides [6] a rapid search interface for picking 
out an oligonucleotide that binds strongly to its target, 
according to thermodynamic data. It not only calculates 
energy required to break target structure, but also 
structure due to oligonucleotide folding, if any. 

The given ΔG's are as follows:  

1. Overall ΔG: This is the net ΔG in kcal/mol of 
oligo-target binding, when all contributions are 
considered, including breaking target structure and 
oligo self-structure, if any. A more negative value 
indicates tighter binding.  

2. Duplex ΔG (Binding ΔG): This is the ΔG of the 
oligo-target binding from unstructured states.  

3. Break targ. ΔG: This number provides the energy 
penalty (hence it's usually positive) due to breaking 
of intramolecular target base pairs when oligo is 
bound.  

4. Oligo-self ΔG: This provides the ΔG of 
intramolecular oligo structure. If it is zero, there is 
no stable intramolecular structure. A negative 
number indicates this self structure is stable, 
making for unfavorable oligo-target binding.  

5. Oligo-oligo ΔG: This is the ΔG of intermolecular 
oligo structure. It is non-zero if one oligomer 
molecule can bind to another. A negative number 
indicates a stable oligo-oligo duplex, making for 
unfavorable oligo-target binding.  

Tm: This is a melt temperature in degrees C for the 
duplex formation, i.e. the temperature at which half the 
target strands are bound with oligomer. 
 
The middle part of the screen shows the current oligo 
(3’->5’) bound to the target (5’->3’). Target bases 
appear red if they are paired in the folded target 
structure and are black otherwise. Target base numbers 
are given. 
 
At the bottom, some ΔG values are displayed 
graphically. The default is to show binding ΔG in green 
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and overall ΔG in blue (red for the currently shown 
oligo). Due to breaking of target and oligo structure, the 
blue bars are generally smaller than the green bars. 
Downward bars indicate negative ΔG and upward bars 
indicate positive ΔG. All bars start at zero energy. 
 
2.5.1 EQUILIBRIA AND CALCULATIONS 
 
2.5.1.1 OLIGOWALK EQUILIBRIUM 
 
When designing an antisense oligonucleotide 
(oligomers) that  binds with high affinity, it is desirable 
to consider the structure of the target RNA strand and 
the antisense oligomer. Specifically, for an oligomer to 
bind tightly, it should be complementary to a stretch of 
target RNA that has little self-structure. Also, the 
oligomer should have little self-structure, either 
intramolecular or bimolecular. Breaking up any self-
structure amounts to a binding penalty. 
 
OligoWalk considers the following equilibrium: 
 

 
In this reaction, O is the oligomer, T is the target, O-T 
is the oligomer-target complex. OF is self-structured 
oligomer either unimolecular (U) or bimolecular (B) 
and TF is self-structured target (unimolecular). 
Bimolecular target-target interactions are neglected 
because the concentration of target is low. OU is 
unfolded oligomer and TU is unfolded target in the 
region of oligomer complementarity. These structures 
are in equilibrium with each other, with equilibrium 
constants K1U, K1B, K2, and K3. 
 
2.5.1.2THE TM CALCULATION IN OLIGOWALK 
 
OligoWalk calculates [7] a melt temperature for the 
duplex formation of antisense-target binding. This 
calculation neglects target structure and antisense 
oligonucleotide structure. 
 
Consider the equilibrium of: 

RC RC K
O T O T                                          (6) 

                             
where the random coil oligomer binds to random coil 
target with an equilibrium constant K. If we assume 
that: 
 
[OR.C.] >> [TR.C.] 

then the Tm will be the temperature at which half the 
target is bound or: 
 
[TR.C.] = [O-T] = [Target] Total/2             (7) 
 
Knowing that: 
ΔG = ΔH – TΔS and ΔG = -RT ln (K)                      (8) 
 

then 
ln[ ]m

Total

H
T

S R oligomer



 

            (9) 

 
where R is the gas constant and Tm is in K. OligoWalk 
converts Tm to degrees C. 
 
3. EXPERIMENTS AND RESULTS ANALYSIS  
 
3.1 PARTITION FUNCTION 
 

 
Figure 4: Calculation of RNA Partition Function  

 
Figure 5: Graph of Partition Function of RNA 

 
The partition function calculation has been used to 
predict the base pairing probabilities for all possible 
canonical base pairs in a sequence. The predicted 
probabilities are displayed in a probability dot plot, or 
predicted secondary structures can be color annotated 
with these probabilities. More probable pairs are more 
likely to be correctly predicted than less probable pairs. 
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3.2 RNA ENERGY FUNCTION 2 
 

 
Figure 6: RNA Energy Function Calculation 
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Figure 7: Energy vs. Structures (20) Graph 
 
RNA Partition Function [8] determines the free energy      
(-ve) of a secondary structure saved. 
3.3 PARTITION FUNCTION DOT PLOT 
 

 
Figure 8: Partition Function Dot Plot 

 
Partition function dot plots display not the energy of a 
pair, but the probability of that pair existing, as 
predicted by the partition function. Dots are displayed 
as -log10 (probability). The default view shows all 
possible pairs of any probability. 
 

3.4 DYNALIGN 

 
Figure 9: Dynalign Calculation 

 

 
 

Figure 10: RNA Dynalign 

 
Figure 11: Dynalign Dot plot 

 
Dynalign [9] uses the mutual information of the two 
sequences to constrain secondary structure prediction. 
This can result in a large improvement in the accuracy 
of secondary structure prediction. The algorithm 
generates an alignment of the two sequences, but does 
not depend on sequence similarity.  
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 For Dynalign dot plots, a separate dot plot is 
generated for each of the two sequences involved. 
 
3.5 RNA FOLD 
 
 

Figure 12: Fold RNA single strand 

 
The fold module provides the basic implementation of 
RNA secondary structure prediction. 
 The folding of two strands functions in much 
the same way as folding of a single strand. 
3.6 OLIGOSCREEN 
 
 

Table 1: Calculation of the Unimolecular and Bimolecular Folding Free Energies 
  

Sequence DGbimolecular DGunimolecular DGduplex DG2BPat5' DG2BPat3'
GGGCCAAUGCGA -9.3 -0.3 -23.1 6.6 4.3 
UUUAAACCGGCC -7.1 0.0 -18.2 1.8 6.7 
GGGAUGCA -3.1 0.0 -13.1 6.6 5.0 
CGGAUUCGA -9.6 0.0 -12.7 5.7 4.3 
GGCAUUCGGG -2.7 0.0 -18.1 6.7 6.6 

 
OligoScreen [10] calculates the unimolecular and 
bimolecular folding free energies for a set of RNA 
oligonucleotides.  

The OligoScreen parameters are a subset of 
those calculated by OligoWalk. 
 
4. CONCLUSION  
 
By incorporating experimental information as a free 
energy change term in RNAstructure, we determine the 
structures of RNA using RNA Fold and RNA 
Dynalign. 
Dynalign predicts a set of low energy structures and 
alignments, called suboptimal structures. A set of 
parameters are used to define how many suboptimal 
structures to generate and how different from each other 

the suboptimal structures should be. RNA, "Fold 
Bimolecular" allows for folding of two distinct strands. 
Energy minimization methods have been so well 
refined that a series of energetically feasible models and 
the most thermodynamically probable structural models 
may be computed. 
 Partition Function is used to predict the base 
pairing probabilities for all possible canonical base 
pairs in a sequence. RNA Energy Function with free 
energy (-ve) determines stability in a secondary 
structure. OligoScreen calculates a hybridization free 
energy for those strands annealed to a complementary 
RNA target. Maximum Expected Accuracy predicts a 
specific subset of structures composed of probable base 
pairs and single-stranded nucleotides. 
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 RNA structural analysis may be used to search 
reliably through genomic sequences for genes that 
encode these RNA molecules. The successful analysis 
of these types of RNA molecules could be readily 
extensible to other classes of RNA molecules. 
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