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Abstract. It is an NP-hard problem for prediction of RNA folding structure in-
cluding pseudoknots, biostatistics is one method of biological data mining, the 
computing algorithm of RNA structure data is the important in biology. we in-
vestigate the RNA pseudoknotted structure based on characteristics of the RNA 
folding structure , the paper first introduce the Basin Hopping Graph(BHG) as a 
novel model of RNA folding landscape. Our paper gives the computing algo-
rithm of barrier tree based on the BHG, the experimental results in Rfam13.0 
and PseudoBase indicate that the algorithm is more effective. We have im-
proved several types of pseudoknots in RNA folding structure, and analyze 
their possible transitions between types of  pseudoknots. 
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1   Introduction 

Basin Hopping Graph (BHG) is a novel model of RNA folding structures, computing 
algorithm of RNA folding structure is the important in biological data mining based 
on BHG. Biostatistics is one method of data mining, RNA folding is a complicated 
kinetic process. 

Computing algorithm of RNA Structure is the important in biological data min-
ing,biostatistics is one method of data mining.RNA folding is a complicated kinetic 
process. RNAs are three-dimensional molecules in biological system, which perform 
a wide range of function. RNA is a key component of moleculars in biological pro-
cesses. The force of RNA molecules is the set of base pairs, RNA molecules can fold 
into a three-dimensional structure by forming base pairs of A- U,C-G match,and G-U 
mismatch, a pseudoknot is two overlapping base pairs, pseudoknots are pairs are 
known to exist in RNAs[1]. RNA secondary structures prediction is the first step to 
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predict RNA tertiary structures in RNA sequence, RNA tertiary structures is more 
stable structures, some  RNA  folding structures are legal. It is very difficult to com-
pute large RNA molecules including pseudoknots. It is NP-hard problem to find an 
optimal RNA structures. Nussinov had studied the case, where the energy function is 
minimized when the number of base pairs is maximized, he had designed an  algo-
rithm of O(n3)  time complexity to predicting RNA secondary structures[2], Nussinov 
algorithm can not  predict RNA structures with pseudoknots. Algebraic dynamic  
programming algorithm was proposed by Jens and Robert, it was used to find RNA 
pseudoknotted structure with simple planar pseudoknots[3], the algorithm takes O(n2) 
space complexity and O(n4) time complexity. The algorithm of finding optimal RNA 
foldings structure had been firstly known by Michael Zuker[4], Rivas and Eddy had 
presented Pknots algorithm for predicting RNA pseudoknotted structures based on 
MFE[5], which time complexity and space comlexity are O(n6) and O(n4). The pre-
dicting problem of RNA secondary structure including pseudoknots is also NP-
complete[6], maximizing the number of stacking pairs allowing pseudoknots in a 
planar secondary structure makes it NP-hard[7], many researchers seek for approxi-
mation algorithms for NP-hard problems. In some mimic RNA structures, pseu-
doknots are apparently existing[8].The heuristic algorithm for finding RNA structures 
with pseudoknots has been presented by Ren[9]. Several publications indicates the 
problem of finding the optimum structure including arbitrary pseudoknots is also NP-
hard[10]. People can find the more stable structure including arbitrary pseudoknots if 
RNA secondary structure is modelled by maximum weighted matching[11]. Some 
sparse-related techniques have also been applied to RNA folding structures[12-14]. 

Basin Hopping Graph (BHG) is a novel model of RNA folding structures. Each 
vertex of the Basin Hopping Graph  is a local minimum, which represents the corre-
sponding basin in the structure. Its edges connect basins when the direct transitions 
between them are ‘energetically favorable’. Edge weights endcode the corresponding 
saddle heights and thus measure the difficulties of these favorable transitions. BHG 
can be approximated accurately and efficiently for RNA molecules well in the length 
range accessible 

The barrier tree has two disadvantages: (i) It neglects much of the geometric in-
formation of the RNA folding structure because the neighborhood relation between 
basins is ignored  (ii) It is high computational cost makes it unfeasible in for RNA 
molecules with a more base pairs in length. The BHG can  overcome these shortcom-
ings to incorporate additional information of neighborhood.  

2    Model of RNA Folding Structures 

2.1     Terminology 

1. RNA Secondary Structure S: Let S be a set of base pairs such as si.sj is a base 
pair, base si or sj ∈{A,C,G,U}, 1≤i≤n.  

2. BHG:Basin Hopping Graph, is a novel model of RNA folding structures. 
3. MFE: Minimum Free Energy  
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4. Stem: the RNA structure closed by base pairs (i, j) and  (k, l) ∈S, and (i, j), (i+1, 
j-1), ..., (k, l) are base pairs, i<k<l<j. 

5. Pseudoknot: if si.sj and si'.sj'∈S,i<i'<j<j',or i'< i<j'<j, then the RNA base          
sequence si…si'…sj sj' composes a pseudoknot. 

6.K-Stacking Pairs: In the RNA secondary structure, we  use (si,si+1,…, si+k;sj-k,…,sj-

1, sj) to describe k consecutive stacking pairs (si, sj), (si+1, sj-1); (si+1, sj-1);(si+2, sj-2 
); …… ; (si+k-1 ,sj-k+1 ), (si+k ,sj-k). 

7. Let S=s1s2…sn, sij=si…sj .  

3  Predicting Algorithm of RNA Folding Structure  

RNA sequence was generated with bases A, C, G, U, it is important for RNA experi-
ments in RNA structure prediction using energy parameters [15,16,17]. We randomly 
selected the RNA sub-sequences in the Rfam13 and PseudoBase to compute experi-
ments[18,19]. The  algorithm can compute RNA nested structure and pseudoknotted 
structure in RNA sequences. Many experiments in RNA pseudoknotted structures 
indicated that the algorithm has better predicting accuracy averagely. The algorithm 
can predict more than 4100 bases of RNA sequences. We have designed effective 
ways to improve the prediction accuracy for long sequences. 

   Four experiments in family of PseudoBase can be computed less than 15 seconds 
with quad-core CPU and 32G memory. The experiments show that accuracy of exper-
iments is valuable, the predicting accuracy outperforms existing algorithms, such as 
PKNOTS algorithm, MWM algorithm, and ILM algorithm etc[20]. Evolutionary 
algorithm provide a kind of important method in the RNA structure prediction[21],the 
structural alignment of RNA is proved to be a useful computational technique for 
identifying ncRNA[22,23], the efficiency of our algorithm is faster than the other 
related algorithms in the RNA folding structures and target structures[21,22,23]. 

4   The Model of BHG in RNA Folding Structures 

Lemma 1.  If x,y are two local energy minima of RNAfolding structures, there exits a 
zig-zag path connencting x and y.   

Given RNA sequence S, its energy structure L is connected. (see  Fig. 1). 
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Fig. 1.   The path of construction in RNA folding structure   

For any substructures  given from secondary structures S1 and S2, S1∈S,S2∈S, 
there exists a path between S1 and S2, for any two local energy minimum 
m1∈S1,m2∈S2, then there exists a zig-zag path,which connecting m1 and m2.  

We can define the path as follow: path P=(v1,v2,v3,…,vk )∈L , L is the RNA energy 
structure. If vi< vi+1=…= vn-1>vn , then for any structures vi+1=…= vn-1 are called peak 
points. If vi> vi+1=…= vn-1<vn ,then for any structures vi+1=…= vn-1 are called valley 
points. If a path P fulfills three conditions:(1) max f(vk)=S(x,y); (2) if vi< vi+1=…= vn-

1>vn ,then each vm with  i+1≤m≤n-1 is a direct saddle separating the nearest valley 
points that the path P passed before and after vm; (3)if vi> vi+1=…= vn-1<vn ,then each 
vm with  i+1≤m≤n-1, there is a minimal shelf L. we declare the path P is a zig-zag 
path. P can  be called  Basin Hopping Graph, then Basin Hopping Graph is connected 
. 

RNA structures with pseudoknots can be generalized by the Basin Hopping Graph. 
We can create  sets for implement the gradient walk of RNA structural class with 
pseudoknots, it comprises 5 types of pseudoknots as follows, Type S, Type H, Type K 
, Type L Type M. cf.  (see Fig. 2). Type S refers to structures without pseudoknots 

  

 

  
Fig. 2.    Types of RNA structural class 
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5   The Computing Algorithm of Barrier Tree Based on the BHG 

     Lemma 2. The barrier tree Tb(Vb, Eb,ωb) of the RNA folding structure(X,f) is 
the tree Ta(Va, Ea,ωa) computed by cluster from the complete graph G(V, E,ω). 

     Vertex sets Va , Vb  and V were including the local minima of the RNA folding 
structure. Edges sets Ea ,Eb and E  weight were including ω({x,y}=S(x,y) for all 
{x,y}∈E. S(x,y) is the saddle height between any two vertices x∈Va and y∈Vb. 

________________________________________________ 
  Algorithm Btree T(V, E,ω) 
1: M←{(x)∣x∈V } 
2: Vb←{ (x)∣x∈M } and Eb← Ø 
3: for all (x)∈Vb do 
4: ωb←f(x) 
5: for all (x),(y)∈M×M  do 
6:Wx,y←ωx,y  if (x,y) ∈E  and  Wx,y←∞  if (x,y)   E 
7: while ∣M∣＞1 do 
8: Search pair of clusters {(u,v)},Wu,v=min{Wx,y, (x,y) ∈C(M,2)} 
9: for all (x)∈M- {(u),(v) } do 
10: Wu,x= min{ Wu,x, Wv,x} 
11: create new Tb-vertex(u,v) ←{u}∪ {v} with 
ωb(u,v) ←Wu,v 
13: Vb←Vb∪{u,v} 
14: Eb←Eb∪{(u,v), (u)} ∪{(u,v), (v)} 
15: M ←M-{(v)} 
16:End while  
________________________________________________ 
The barrier tree Tb can be interpreted into a vertex weighted tree Tb-vertex  with 

the local minima as their leaves. Internal nodes indicate the merging of BHG sur-
rounding two local minima of  saddle height. In the step of algorithm Btree, the pairs 
of clusters are merged which are connected by weight of the smallest edge. Weights 
of edge are updated to the minimum  of the edge weights of the merged clusters in all 
vertices of separate clusters {(u,v)}. The single linkage clustering implicitly defines a 
binary tree T, each internal node(u,v)=(u)∪(u) is corresponding to the merging of the 
clusterings (u) (u), which has the minimuim weight Wu,v. 

The graph B analysed by the algorithm of Btree T and obtain a binary ,vertex-
weighted tree,  its time complexity is O(V3).  

The algorithm of Btree T has improved in time complexity and space complexity 
than the other  barrier tree Tb(Vb, Eb,ωb) of the RNA folding structure(X,f) . 

Lemma 3. Let BG(VG,EG,ωG) be the Basin Hopping Graph of the RNA folding 
structure(X, f), VG denoting the sets of local minima in (X, f), then for all 
{x,y}∈C(VG,2), S(x,y)=minmaxωG({u,v}). 

Lemma 4. The barrier tree Tb(Vb, Eb,ωb) of the RNA folding structure(X,f) is the 
tree Tc(Vc, Ec,ωc) computed by single linkage cluster from the BHG G(V, E,ω). 
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 A Gfold software can implement Boltzmann sampling provided by Reidys.  RNA 

folding structures can be drew by the tool VARNA. the RNA topological  structures 
can  be computed. we can study the differences in predicting RNA folding behaviour, 
and it can be generalized the RNA pseudoknotted framework based on BHG. 

There are some examples in possible transitions between types of  pseudoknots for 
RNAfolding strutures in real life. 

Removing base pairs is relatively simple since they will never result in an invalid 
RNA structure, the general case involving five types of pseudoknots is rather in-
volved, even with the restriction to RNA folding structures, with at most one pseu-
doknot.  See  Table  1. 

 
Table 1. Possible transitions between types of pseudoknots upon removing a single base pair  
Removing M           L            K           H         S  

M 1             1            1            0          0  
L 0             1            0            1          0  
K 0             0            1            1          1  
H 0             0            0            1          1  
S 0             0            0            0          1  

. 
Adding base pairs is also simple since they will never result in an invalid structure, 

the general case is  five types of pseudoknots. See Table  2 
 
Table 2.  Possible transitions between types of  pseudoknots upon adding a single base pair 
              adding       

Adding M           L            K           H         S  
M 1             0            0            0          0  
L 1             1            0            0          0  
K 1             0            1            0          0  
H 0             1            1            1          1  
S 0             0            1            1          1  
The paper presents an exbmple named PKB92 of  tobacco mild green mosaic virus, 

we investigate 27 bases with  pseudoknots named PK1. Its RNA structure can be cor-
rectly predicted by the energy of -4.3 kcal/mol by gfold. 

(see Fig. 3). 
 
 
 
 
 
 
 
 



 
 
 

The Computing Algorithm of Barrier Tree Based …   25 

. (  (  (  (  ( . [  [  [  [  [  )  )  )  )  ).... ]  ]  ]  ]  ] .  
                               

 
Fig. 3. The next pseudoknot-free minimum free energy, RNA secondary is with an energy of 

3.9 kcal/mol. (see Fig. 4)..  
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Fig. 4.  

It is difficulty that how to determine which base pairs can be added without chang-
ing the class of the RNA structure, and compute the changing result in energy without 
reevaluating the RNA folding structure. We restrict the subset of RNA structures with 
H-type pseudoknots in restricted class.  

   

 
Fig. 5. (A) 

An H-type pseudoknots divide the RNA sequence into five regions: two external 
regions (blue) and three internal regions (green); There are two basic ways to add 
base pairs.  (see Fig. 5). 

 
Fig. 6.  (B)   
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Adding a base pair crossing a stack results in an H-type Pseudoknot in RNA se-

quences. (see Fig. 6). 

 
Fig. 7.   (C) 

Add a base pair which involves two green regions to the existing stacks. 
(see Fig. 7). 
 

 
Fig. 8.   (D) 

Add a base pair which involves nucleotides exactly in one green region without 
crossing with other existing base pairs. (see Fig. 8). 

 

 
Fig. 9.   (E) 

 Add a base pair which involves two blue regions without crossing other existing 
base pairs. (see Fig. 9). 

      According to the principle of the BHG and MFE, the paper provides a path-
searching algorithm to connect the graph LM. We investigate the low energy part of 
the BHG for PKB92 sequence, the  PKB92 is more likely to fold the most stable sec-
ondary structure, and refold to form the pseudoknots.  
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6  Conclusion and Future Work 

The paper has presented an efficient algorithm for predicting RNA structure with 
pseudoknots, the predicting accuracy, the time complexity and space complexity out-
perform existing algorithms, such as MWM algorithm, PKNOTS algorithm and ILM 
algorithm, Our paper has improved several types of pseudoknots considered in RNA 
folding structure, and analyze their possible transitions between types of  pseu-
doknots, we also presented the computing algorithm of barrier tree based on the BHG.  

It is a also efficient  computational method for characterizing the RNA folding 
structure based on basin hopping graph[24]. The RNA adopts an unexpected tandem 
three-way junction RNA structure, and unspliced dimeric genomes selected by the 
RNA conformer may direct packaging[25]. 

Given an underlying model of gene expression, BayFish uses a Monte Carlo meth-
od to estimate the Bayesian posterior probability of the model parameters in smFISH 
data of single-molecule RNA, RNA Sequencing Reveals and RNA Polymerization in 
tRNA Fidelity and Repair also are important for RNA structure prediction [26,27]. 

In the future, we should improve predicting accuracy of the algorithm of RNA 
folding structures with pseudoknots, and improve the computing algorithm of barrier 
tree based on the BHG. We should also improve Monte Carlo method to estimate the 
Bayesian probability of the model parameters in smFISH data of single-molecule 
RNA in single cells. We also focus on the RNA Sequencing Reveals and their applca-
tion. 
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