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Predicting RNA Secondary Structures Including Pseudoknots
by Covariance with Stacking and Minimum Free Energy

Jinwei Yang, Zhigang Luo, Xiaoyong Fang, Jinhua Wang, and Kecheng Tang
College of Computer Science, National University of Defense Technology, Changsha 410073, China

Abstract: Prediction of RNA secondary structures including pseudoknots is a difficult topic in RNA field. Current predicting methods
usually have relatively low accuracy and high complexity. Considering that the stacking of adjacent base pairs is a common feature of
RNA secondary structure, here we present a method for predicting pseudoknots based on covariance with stacking and minimum free
energy. A new score scheme, which combined stacked covariance with free energy, was used to assess the evaluation of base pair in
our method. Based on this score scheme, we utilized an iterative procedure to compute the optimized RNA secondary structure with
minimum score approximately. In each interaction, helix of high covariance and low free energy was selected until the sequences
didn’t form helix, so two crossing helixes which were selected from different iterations could form a pseudoknot. We test our method
on data sets of ClustalW alignments and structural alignments downloaded from RNA databases. Experimental results show that our
method can correctly predict the major portion of pseudoknots. Our method has both higher average sensitivity and specificity than
the reference algorithms, and performs much better for structural alignments than for ClustalW alignments. Finally, we discuss the
influence on the performance by the factor of covariance weight, and conclude that the best performance is achieved when A;: A.,=5: 1.
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Fig. 1 Two cross-cutting helixes form a pseudoknot
Take predicting common structure of Corona virus family as an example. In the first iteration, helix H; get the best combined score and is
added to the list of common structure. In the second iteration, the bases belonging helix H; (the gray part)are removed from the sequences.
Another helix H; that cross with H; get the best combined score and is also added to the list, whereupon H; and H, form a pseudoknot
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Table 1 Performance comparison of Pknots, ILM and Ifold using ClustalW alignments

Pknots ILM Ifold Csfold

SS SP PK SS SP PK SS SP PK SS SP PK
Coronavirus 83 79 11 94 77 11 94 100 11 94 100 11
Enterovirus 76 97 0/1 68 93 1/1 68 90 1/1 87 99 1/1
Tombusvirus 79 70 11 58 58 1/1 52 48 11 92 100 11
a-operon mRNA 77 40 1/2 50 31 1/2 68 58 1/2 82 64 1/2
HDV 85 7 1/1 59 55 1/1 63 74 1/1 63 81 1/1
Average 80 73 — 66 63 — 69 74 — 84 89 —
Standard Deviation 4 21 — 17 23 — 15 21 — 12 16 —

Note: SS=100 X TP/RP; SP=100 X TP/(TP+FP); RP=number of base pairs in the reference structure; TP=number of true positive predicted
base pairs; FP=number of false positive predicted base pairs; PK= (number of correctly predicted pseudoknots)/(number of pseudoknots in
the reference structure).

R2 FREHLEITETILLE CSfold 5 ILM. Ifold B4 &k

Table 2 Performance comparison of ILM and Ifold using structural alignments

ILM Ifold Csfold

SS SP PK SS SP PK SS SP PK
5S rRNA 83 100 0/0 80 100 0/0 80 100 0/0
SRP RNA 86 67 1/1 91 83 1/1 92 91 1/1
RNase P RNA 76 76 1/2 73 82 1/2 70 92 1/2
Telomerase RNA 57 39 0/1 61 51 0/1 77 92 1/1
tmRNA 90 72 4/4 74 80 3/4 83 95 4/4
Average 78 71 — 76 79 — 80 94 —
Standard Deviation 13 22 — 11 18 — 8 4 —

Note: SS. SP and PK are defined in Table 1.

£ 3 FRERHERESNER T XN IEEER R0

Table 3 The performance influenced by different factor of covariance with stacking

Tombusvirus Enterovirus SRP RNA Telomerase RNA

SS SP PK Ss SP PK Ss SP PK Ss SP PK
A =11 21 36 0/1 84 90 1/1 86 93 1/1 51 80 1/1
A A,=2:1 21 36 0/1 84 90 1/1 79 82 11 57 83 11
A A,=3:1 75 86 1/1 84 90 1/1 84 85 1/1 74 88 1/1
A =411 58 70 11 87 99 11 90 87 11 73 87 11
A A,=5:1 91 100 11 87 99 11 92 91 11 77 92 11
A: A,=6:1 56 51 11 87 99 11 87 87 11 77 92 11
A 4,=8:1 56 51 1/1 87 99 1/1 86 87 11 77 92 11
i 4,=10:1 56 47 11 82 98 11 86 86 11 77 92 11
A Ap=12:1 54 45 1/1 82 98 1/1 86 86 1/1 77 89 11

Note: SS. SP and PK are defined in Table 1.
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