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Abstract

It hasbecomeclearrecentlythatthere
are many RNAs that are not trans-
latedinto proteins,insteadthey work
asfunctionalmolecules.TheseRNAs
arecalled “non-codingRNAs.” Pre-
dicting the secondarystructure of
theseRNAs is important for under-
standing their functions. We will
therefore focus on Nussinov’s algo-
rithm andtheSCFGversionof Nussi-
nov’s algorithmasuseful techniques
for predictingRNA secondarystruc-
tures. We introducea new scoring
table and loop length restriction to
improve thesealgorithms. and the
improved algorithmsprovided better
levels of performancethanthe origi-
nals.

1 Introduction

Recently, many DNA genesequenceshavebeen
discovered, as genomeprojects including the
humangenomeproject,studyvarioustypesof
organism.Accordingto thecentraldogma,each
DNA genesequenceis copiedto a sequenceof
mRNAs by “transfer”,andsubsequently, these-
quenceis “translated”into a protein. By con-
trast, thereare RNAs that are separatedfrom
the dogma, and are not translatedinto pro-
teins. Instead,theseRNAs themselves work

as functional molecules. This RNA is called
“non-codingRNA” andtherearevariouskinds.
They include tRNA, which is usedto transfer
the geneinformation containedin mRNA into
the amino acid sequencesconstitutinga pro-
tein and rRNA, one of the subunits of a ribo-
some. Non-codingRNAs occupy almost all
partsof RNA andhave important roleswithin
living bodies. If we identify the structurecor-
rectly, thefunctionof theRNA canbepredicted
moreeasilyandwill be moreuseful in thede-
velopmentof new medicines. This makesit
very importantto getto know thesesolid struc-
tures. However, in order to identify the exact
three-dimensionalstructureof molecules,the
moleculesmustbecrystallizedandthis process
is difficult and time-consuming.Therefore,it
is useful if the three-dimensionalstructurecan
be predictedfrom a one-dimensionalsequence
of RNA by calculation. Sinceit is difficult to
predictthethree-dimensionalstructureof RNA
correctlywith thepresenttechnology, we tried
insteadto predicttwo-dimensionalstructureof
RNA.

Therearetwo mainconventionalalgorithms
for thepredictionof secondarystructures.They
are Nussinov’s algorithm (Nussinov et al.,
1978)andZuker’s algorithm(Zuker, 1989). In
this paper, we focuson Nussinov’s algorithm.
This algorithmutilizes dynamicprogramming
to searchfor remotebasepairs. We adda new
scoringmechanismandcontrolthe loop’s min-



imum length to obtain high levels of perfor-
mancewhenpredictingsecondarystructures.

In thenext section,wedescribetheNussinov
algorithm. In the third section,we presentthe
Nussinov algorithm using stochasticcontext-
free grammars(SCFGs) (Eddy and Durbin,
1994; Grate,1995; Lefebvre, 1995; Lefebvre,
1996). In the fourth section,we presentour
new scoring techniqueand algorithm. In the
fifth section,wedescribeexperimentsusingthis
algorithm and discussthe results. In the last
section,wedraw conclusionsbasedonthesere-
sults.

2 Nussinov’s Algorithm

Nussinov’s algorithmis asimplealgorithmthat
finds the RNA secondarystructurewith the
highest numberof basepairs using dynamic
programming (DP) (Nussinov et al., 1978;
Durbin et al., 1998).This algorithmcanbede-
scribedasfollows:

Initialize:
�����
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Here, � and B indicate the one-dimensional
locationof an RNA sequence.� indicatesthe
lengthof thesequence.I6� �
	�BL� indicateswhether
thereis a basepair betweenthe i-th baseand
thej-th base(1) or not (0). �����
	�B6� indicatesthe
numberof basepairsbetween� and B . Hence,
thevalueof ���[��	���� is thenumberof basepairs
of anoptimalstructure.

The optimumsecondarystructurescan then
bepredictedby by performing a traceback.

3 Nussinov’s Algorithms using SCFG

Next, we presentthe SCFGversionof Nussi-
nov’s algorithm. In this algorithm, the proce-
dureof theregularNussimov’s algorithmis re-
placedby an SCFGgenerationrule (Durbin et
al., 1998).By usingSCFG,we cangive theal-
gorithmtheprobabilistic framwork.\ ] ^L\`_ba�\c_ d*\`_ eH\

(1)\ ] \�^9_b\�a%_b\fd#_b\fe
(2)\ ] ^L\fe=_ e
\�^9_ba�\gd#_ d*\�a
(3)\ ] \�\
(4)\ ] h
(5)

Rules(1) and(2) correspondto the generation
of a non-basepair. (3) correspondsto thegen-
erationof a regularbasepair, (4) to the gener-
ation of a branch,and(5) to the endof gener-
ation process,respectively. The processusing
thisgrammarworksasfollows:

Initialize:ikj"l �nm9� l � ^ -Wo ^ - e jTil ):p ��qrN \ �"	 p � \ q*U,�[	 p ��q*N \ q*U,�[	 p � \�\ ���� �
	!�g�G�����3�ts3� �'�$��	�&%	�������	������� �
	!�"�H��CED�F �%u�v%w p ��qfN \ �[	 u�v%w p � \ q*Nx� �� �'�;��	��%	�������	����
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Here,q N and q U arethe i-th andthe j-th bases
in thesequence,respectively. We canthenob-
tainthepredictedresultof anoptimalsecondary
structureby performing a traceback.



4 Our Methods

The Nussinov Algorithm and Nussinov Algo-
rithm using SCFG are not without problems.
One problemis that the alogorithmonly con-
sidersthemaximumnumberof basepairswhen
searchingfor an optimam structure. Hence,
even if the predictedloopsareshort, the algo-
rithm tendsto make a basepair. In the real
world, since short loops are often thermody-
namically unstablestructures,we will obtain
many incorrectstructures.To compensatefor
theseshort loops, we ensuredthat the loop
lengthwassix or more.

Another problem with the Nussinov algo-
rithm is thatit only takesregularbasepairsinto
consideration.Figures 1 and 2 show models
of regularbasepairs. The hydrogenbondsbe-
tweenAdenineandUracil, andbetweenGua-
nine and Cytosine,are drawn as dottedlines.
By contrast,thepairof GuanineandUracil pair
hastwo hydrogenbondsandthereis rebound-
ing betweenanoxygenandanoxygenasshown
in Fig. 3.

Thescoringtableusedby theNussinov algo-
rithm is shown in Fig 4. In this table,thescore
given to a regular basepair is 1. Considering
theabovediscussion,weproposeanew scoring
tablein Fig. 5. In proportion to thenumberof
hydrogenbonds,we give 2 and3 for the regu-
lar basepairs, respectively, and1 for the G-C
non-regular basepair consideringthe oxygen-
oxygenrebounding, and -1 to the other com-
binations. Basedon theserestrictionsand the
scoringtable,wepredictedthesecondarystruc-
ture of RNA with the Nussinov algorithmand
theNussinov algorithmusingSCFG.
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Figure1: A-U regularbasepair.
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Figure2: G-C regularbasepair.

4.1 Experimental Result

4.1.1 Experimental Setting

Weused20 RNA sequencestakenfrom vari-
ouswebsites.Their lengthswere21-38bases.
Thesesequencesareshown in Fig. 6.

Theactualsecondarystructureof theseRNA
sequencesis shown in the “RE” columns. In
this figure, it is shown that “ ~ ” forms a base
pairwith “ � ”, and“ � ” shows thispositionis in
theloopdomain.“ ~ ” expressesonesideof the
new basepair, and“ � ” shows thebasethathas
not yet madethe pair in “ ~ ” which appeared
mostrecently.

For the experiment, we used the original
Nussinov (NA) and improved Nussinov (NB)
algorithm, as well as the Nussinov algorithm
usingSCFG(SA), andthe improvedNussinov
algorithmusingSCFG(SB).

4.1.2 Evaluation Methods

Thealgorithmwasevaluatedby accuracy, F-
measure,andevaluationby hand.

Accuracy is the prediction rate showing
whetherthepositionis abasepairor a loop.



Table1: Accuracy vs F-measurevsEvaluationby hand

SeqNo. NA NB lp gu SA SB lp gu
1 0.346/ 0.166/ 1 0.692/ 0.555/ 2 O 0.769/ 0.625/ 2 1.000/ 1.000/ 5 O O
2 0.862/ 0.666/ 2 0.896/ 0.727/ 3 O O 0.896/ 0.727/ 3 1.000/ 1.000/ 5 O
3 0.517/ 0.375/ 1 0.724/ 0.636/ 2 O 0.655/ 0.555/ 1 0.620/ 0.500/ 1
4 0.761/ 0.777/ 1 0.714/ 0.666/ 3 0.904/ 0.888/ 4 0.714/ 0.666/ 3
5 0.473/ 0.000/ 1 0.894/ 0.833/ 4 O 1.000/ 1.000/ 5 1.000/ 1.000/ 5
6 0.685/ 0.375/ 1 0.885/ 0.777/ 3 O O 0.628/ 0.333/ 1 0.885/ 0.777/ 4 O O
7 0.428/ 0.272/ 1 0.714/ 0.642/ 1 O 0.657/ 0.538/ 1 0.657/ 0.657/ 1
8 0.454/ 0.428/ 1 0.696/ 0.666/ 1 O 0.878/ 0.875/ 1 0.818/ 0.785/ 3
9 0.538/ 0.000/ 1 0.794/ 0.428/ 2 O O 0.538/ 0.100/ 1 0.794/ 0.333/ 1 O
10 0.380/ 0.142/ 1 0.619/ 0.500/ 2 O O 0.428/ 0.444/ 1 0.619/ 0.500/ 2 O O
11 0.538/ 0.200/ 1 1.000/ 1.000/ 5 O O 0.692/ 0.428/ 1 1.000/ 1.000/ 5 O O
12 0.461/ 0.250/ 1 0.923/ 0.900/ 3 O O 0.538/ 0.333/ 1 0.923/ 0.888/ 2 O
13 0.615/ 0.333/ 1 1.000/ 1.000/ 5 O O 0.769/ 0.625/ 2 0.923/ 0.875/ 2 O O
14 0.692/ 0.400/ 1 1.000/ 1.000/ 5 O O 0.692/ 0.333/ 1 1.000/ 1.000/ 5 O O
15 0.653/ 0.428/ 1 1.000/ 1.000/ 5 O O 0.692/ 0.500/ 1 0.692/ 0.500/ 2 O O
16 0.375/ 0.250/ 2 0.575/ 0.588/ 1 0.525/ 0.562/ 2 0.450/ 0.400/ 2
17 0.629/ 0.600/ 1 0.629/ 0.500/ 1 0.518/ 0.333/ 1 0.518/ 0.333/ 1
18 0.523/ 0.400/ 1 0.904/ 0.875/ 4 O 1.000/ 1.000/ 5 1.000/ 1.000/ 5
19 0.208/ 0.111/ 1 0.291/ 0.384/ 1 O 0.750/ 0.750/ 2 0.833/ 0.833/ 3
20 0.416/ 0.500/ 1 0.500/ 0.545/ 1 0.500/ 0.600/ 1 0.333/ 0.363/ 1

avg. 0.527/ 0.333 0.772/ 0.711 0.701/ 0.577 0.787/ 0.714
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Figure 3: G-U non-regularbasepair.

TheF-measureis definedasfollows.
For everypredictionof base,wecancalculate��� (the numberof basesthe predictorevalu-
atesasloop for actualloop),� � (the numberof basesthe predictorevalu-
atesasloop for actualbasepair),��� (the numberof basesthe predictorevalu-
atesasbasepair for actualloop).
Then,wecancalculatetheprecision( � ) andre-
call ( � ) as

� � �
�Y� �K� � � �

�`�J�K�
By combiningthe precisionand recall, the F-
measureis definedasfollows:

� � � ���
��� ��� � �� �
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Figure4: Originalscoringtable�

TheF-measurevariesbetween0 and1. As the
F-measurebecomeslarger, thepredictionaccu-
racy increases.� is a weightparameterandwe
set � ��� .

Theevaluationby handassignsfive levels to
theresultstructures.
5) Perfectmatch
4) Having one mistakerelatedto the loop or
bulge
3) Having two mistakesrelatedto the loop or
bulge
2) The numberof hairpin loops is the sameas
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Figure5: Ourscoringtable�
theactualstructure
1) No match

4.1.3 Experimental Results

We comparedresultsobtainedwith Nussi-
nov (NA), ourown New Nussinov (NB), SCFG
(SA), ournew SCFG(SB).

Concretepredictedstructuresare shown in
Fig. 6. The resultis shown in Table1. On av-
erage,theF-measurerisesfrom 0.333to 0.711
dueto theimprovementsfromNA toNB. More-
over, the F-measurerisesfrom 0.577to 0.714
due to the improvementsfrom SA to SB. Ac-
curacy evaluationshows similar results. In Ta-
ble 1, Os in “lp” and “gu” columnsindicate
sequencesthat obtain higher F-measurewith
loop restrictionandconsideringG-U pairs,re-
spectively. The F-measureof 11 in 18 se-
quencesincreasedwith looprestriction,andthe
F-measure9 sequenceincreasedwith consider-
ing G-U pair, dueto theimprovementsfromNA
to NB. Moreover, theF-measureof 6 in 11 se-
quencesincreasedwith loop restrictionandthe
F-measureof 9 sequencesincreasedwith con-
sidering G-U pairs, due to the improvements
from SA to SB.

The result of hand evaluation is shown in
Fig. 7. It turns out that the NB and SB re-
sults improve greatlyheretoo. Especially, the
numberof 5) PerfectMatchsequencesincrease

NA

NB

0 5 10 15 20

SA

SB

(5)

(4)

(3)

(2)

Figure7: TotalEvaluationby hand.

abruptly. This indicatesthat our methodout-
performs the original Nussinov algorithmand
Nussinov algorithmusingSCFG.

5 Conclusion

We presenteda new Nussinov algorithm and
a scoringtable for the predictionof RNA sec-
ondarystructure. Our experimentalresultsin-
dicate that this scoring approachand method
work well. In thefuture,we would like to pre-
dict variousRNA sequences.
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1.  acgucuaggcuaucugcacuggccgu 
NA  >><<-><>><><-<>><<>->><<<- 
NB  >>>->>>>-->------<<<<<<-<<  
SA  >>>->->>>>->--<<<-<<<-<-<< 
SB  >>>->>>>>>-----<<-<<<<-<<< 
RE  >>>->>>>>>-----<<-<<<<-<<< 

2.  ggcguuggagugguucuccgcucaacgcc 
NA  >>>>>>->>>->>--<-<><<<<<<<<<< 
NB  >>>>>>>>->>>------<<<<<<<<<<<  
SA  >>>>>>->>>->>----<<-<<<<<<<<< 
SB  >>>>>>>->>>>>----<<<<<<<<<<<< 
RE  >>>>>>>>>>>>>----<<<<<<<<<<<< 

3.  cccacgccaaggagagcaugacucguggg 
NA  >>>-><>>--<<>->>>><<-<<><<<<< 
NB  >>>>>>--->>>------<--<<<<<<<< 
SA  >>>>>>>>---<-<>>>--<-<<<<<<<<
SB  >>>>>>>----<>>>---<--<<<<<<<< 
RE  >>>>>>->>-->----<-<<---<<<<<< 

4.  ggcaguccaaaaggaggagcc 
NA  -->-<>>>----<<<->-><< 
NB  >>>-->>>-------<<<<<<  
SA  >>>-->>>----<<<<---<< 
SB  >>>-->>>-------<<<<<< 
RE  >>>-->>>----<<<---<<< 

5.  acaugaggauuacccaugu 
NA  ->><<>>>><><<<>><<< 
NB  >>>>>->------<<<<<< 
SA  >>>>>->>----<<<<<<< 
SB  >>>>>->>----<<<<<<< 
RE  >>>>>->>----<<<<<<< 

6.  ggguuuccugcuucaacagugcuuggacggaaccc 
NA  >>>->>->-><->>>>>-<<><<-<-<><<<<<<< 
NB  >>>>>>>-->->>>>>------<<<<<<<<<<<<< 
SA  >>>->>>>>>->---<<<>>->---<<<<<<<<<< 
SB  >>>>->>>->->>>>>------<<<<<<<<<<<<< 
RE  >>>->>->>>->>>>>------<<<<<<<<<<<<< 

7.  ggcguguaggauaugcuucggcagaaggacacgcc 
NA  ->><>-><--<><>><>>><><<-<<>>-<-><<< 
NB  >>>>>>>------>->>>------<<<<<<<<<<< 
SA  >>>>>>>-----<>->>>>----<<<<-<<<<<<< 
SB  >>>>>>>-----<>->>>>----<<<<-<<<<<<< 
RE  >>>>>>>------>>>----<<<-----<<<<<<< 

8.  gacgguuaggucgcacgaaagugaaggaguguc 
NA  ->><-<><->>>><-><-->-<<<>-->-<-<< 
NB  >>>>->>--->>>>------<<<<<--<-<<<< 
SA  >>>---->-->>->>>----<<---<<<-<<<< 
SB  >>>>->>--->>->>>----<<<--<<<<<<<< 
RE  >>>------->>->>>----<<<---<<--<<< 

9.  ugcaucugauacuggcaagcguuuguuaagucagaugug 
NA  -->>>>>-><>>-<><>>-><<<<->><<>-<<<<<<-- 
NB  >>>>>>>>>>-->>>>>------<<<<<-<<<<<<<<<< 
SA  -->>>>>>-->>>-->>>---<<-<---<<<<<<<<--< 
SB  >>>>>>>>-->>>>>>>>----<<<<<<-<<<<<<<<<< 
RE  >>>>>>>>>--->>>>>>>><<<<<<<<--<<<<<<<<< 

10. aggaguuccgaaaggcucuuc 
NA  -->>>>>-><<<>-><<<<-< 
NB  >>>>>>>------<<<<<<<- 
SA  ->>----<<>>>>---<-<<< 
SB  >>>>>>>------<<<<<<<- 
RE  ->>>>-->>----<<--<<<< 

11. accguuacccaccucaggguggcggu 
NA  >-><<><>>>>>>>-<<<-<<><<<- 
NB  >>>>>>>>>>------<<<<<<<<<< 
SA  >>>>---->>>>>---<-<<<<<<<< 
SB  >>>>>>>>>>------<<<<<<<<<< 
RE  >>>>>>>>>>------<<<<<<<<<< 

12. accgcuauccaccucagggagggggu 
NA  >->><-><>>->>>>-<--<<<<<<< 
NB  >>>->>->>>------<<<<<--<<< 
SA  >>>->>----<>>>>---<<<<<<<< 
SB  >>>->>->>>->----<<<<<<-<<< 
RE  >>>->>->>>------<<<-<<-<<< 

13. accgcuacccaccucagggcgguggu 
NA  >->><><>>>->>>-<<<><<<-<<< 
NB  >>>>>>->>>------<<<-<<<<<<  
SA  >->->->>>>->>---<<<-<<<<<< 
SB  >>>>>-->>>->----<<<-<<<<<< 
RE  >>>>>>->>>------<<<-<<<<<< 

14. accgcuacccaccccagggugguggu 
NA  >->><><>>>>->>>-<<<<<<-<<< 
NB  >>>>>>>>>>------<<<<<<<<<<  
SA  >>-->->->>>>>>--<<<<<<<<<< 
SB  >>>>>>>>>>------<<<<<<<<<< 
RE  >>>>>>>>>>------<<<<<<<<<< 

15. accgcuacccaccccagggugguggc 
NA  --->>><>>>>->>>-<<<<<<-<<< 
NB  ->>>>>>>>>------<<<<<<<<<-  
SA  -->->->->>>>>>--<<<<<<<<<- 
SB  --->>>>>>->>>----<<<<<<<<< 
RE  ->>>>>>>>>------<<<<<<<<<- 

16. aacggaaccaacauggauucaugcuucggcccuggucgcg 
NA  ->->>--<<>>>><<>><->><<<<<>>><<>-<<<>><< 
NB  -->>>>>>>>>>>>------<<<-<<-<<---<--<<-<<  
SA  -->>>>->>>>>>>->---<<<<-<<-<<->---<<<-<< 
SB  >>>>>>>>>>---<<<-<<<-<<-<<>>>>----<<<<-- 
RE  -->>>>->>>---<<<--->>->>----<<--<<-<<-<< 

17. uuccgaagcucaacgggaaaaugagcu 
NA  >>>>>->><<<--><<<<<->>-<><< 
NB  ------>>>>>>---------<<<<<< 
SA  >>>>---<>->---<<<<<>------< 
SB  >>>----<>>>---<<<<<>------< 
RE  >>>>>->>>>>>-<<<<<---<<<<<< 

18. aaacaugaggauuacccaugu 
NA  --->><<>>>><><<<>><<< 
NB  -->>>>>->------<<<<<< 
SA  -->>>>>->>----<<<<<<< 
SB  -->>>>>->>----<<<<<<< 
RE  -->>>>>->>----<<<<<<< 

19. aagacuucggaucuggcgacaccc 
NA  >>>-<<<><>><<>->><-<<--- 
NB  -->-->>>>-------<<<-<<--  
SA  ->>->---<---<<>>->---<<< 
SB  ->>>-------<<<>>->---<<< 
RE  -->>>----<-<<->>->---<<< 

20. uacacuucggaugacaccaaagug 
NA  ><>>>>>->>->>-<<<<<<-<<< 
NB  -->>>>>->>------<<-<<<<<  
SA  -->>>>>->>->---<<<<<-<<< 
SB  >>>-->>->>------<<<<-<<< 
RE  -->>>----<-<<->>->---<<< 

Figure6: Results�


