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Prediction of RNA common structural motifs by Genetic Programming
with graphical expressions

Student : Deng-Guei Shiu Advisor : Dr. Yuh-Jyh Hu

Institute of Computer Science and Engineering
College of Computer Science
National Chiao Tung University
Hsinchu, Taiwan, Republic of China

Abstract

As the increase of knowledge of RNA functions, the research on RNA has recently
attracted more attentions than ever. Like other biopolymers, the functions of RNA are
dependent upon their structures. Since!the effectiveness and efficiency of ab initio 3D
structure determination Technologies arelstill limiteds-various computational approaches
have been proposed. In this thesis, we are focused on RNA secondary structure prediction.
Based on the number of RNA for:which:to predict the' structures, computational methods
can be classified as single-sequence prediction“and multiple-sequence prediction. In
general, single-sequence prediction is aimed to find the probable global secondary
structures, and on the other hand, multiple-sequence prediction 1s aimed to identify the
common local secondary structures in a given RNA family. Most of the current approaches
to multiple-sequence prediction are limited to finding relatively short common structure
elements. As a consequence, they fail to identify those longer common structures that may
play important biological roles. We propose a multi-strategy method that combines the
advantages of both single-sequence and multiple-sequence prediction. By using the
prediction results of single-sequence predictors as the basis to form the graphical models of
RNA secondary structures, we can improve the performance in multiple-sequence
prediction. To demonstrate the efficiency and effectiveness, we tested our new approach on
several real-world RNA families downloaded from Rfam. The experiments showed some

promising results.
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2.2.3.2 Dynalign [Mathews D et al., 2002]
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froty 1(gap)s s r s (penialty) s ISTRE SRR -

Dynalign ffli™ | = ngiﬁifgj(full energy model) > 2=~ Sankoff algorithm FYEIfE
PRI S AR T st [T TR o S T PRI g 4 2
SRR o IR A LB (LR A 2 5 (LR
& O AT AP G M- R R
FWﬁFm#@VW?mnM)[W%W@%@EMMMnM) E[n BRI
A= -

Dynalign b= [l 5 R (RA-GIPH R~ > B T8 2 05) - {1
EPop Ry AR BB F1E (T IR = (R - RO R gyt

O(n°M®) » iy 2 [ T HIIETES O(n°M”) -

FHef RRp HIEEAE N BE- » Dynalign 7 fEFEAY 5k SR 1%ERY (RNA SR HE
/el N S A
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A
seql
seql/seq2 o D G

~ K R
2z m e
R, " e
= Bl
seq2 seql/seq3
'l
D H
seq3 seq2/seq3
1. all potential stems 2. pairwise foldings 3. stem graph

B! 3. Carnac ¥ I =+ ERE ]

2.2.3.3 Carnac [Perriquet O et al., 2003]+2 ‘
Carnac [fil[F% 5 il At T lfk(local sumlanty) AR Bl (stem energy)#1H T@FTJ

[#:(covariation) » % & H3[[puE, fflJ?F’j’zﬂ‘_"L)“ﬁ% ”3 AR | ’?Tﬂ@f‘ ERICITAREARE 5
PETIUTE 3. » T ET W (,%* INFEVD |

Stepl: ST O] 53 RIS R /urrrg [ieE FIfE a2
s o F{ R R SRR B T R o [FJ ,«?pm fic SE T ;E Uilcsils
A E | e o

Step2: S HTE PUASIIRY RS SEF o 55 Bl BEE R =Y NAN-D/2 (Y
%T?@#‘(pairwise foldings) o 3k KRS (11 {3 IJBFELE AT AL e > B
EAE ] H@FTJIT Y SV R iR (pairwise stems) > IREAUSTE E[HVATE |
fie > o ENE D (0PI Sankoff algorithm FUEAREARZS IR #5 £ VA
[ o 0] PR 7 SHRIE S Sankoff algorithm [V #1R4 5 Carnac K3l

o VAL 1 SR [ TRLE - ARFT ) BRI A T g
15 AR [l 7 R RS T O(n) T P 2 TR £
O@m’) »
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Step3: W%}H Carnac PHH =TT il Eﬂj}’& LI H [Filad %ﬁ ° TEA
step 2 Vi > B A TJ?HQ E[IN-1 g > £ HEEE T iﬁé@ (reliable)fiI &
o HRLE T R RR AT o P8 S S IR (stem graph) o T SRR VAT
£ J%ﬂﬂvemces)ﬁ‘i £ fl?“_"fﬁ £ Jlaj»,g a»FJ\]EUL ',T{éﬁ'lfjﬁ’?? §'<3E$E|€J;%F—‘ s BT ] H[pfj
[ B AR 2 I R O F A O T step 2 7% RS S
FIT B 3 iﬁﬁ%ﬁ'Hl UEFA@%C b~ 5 (identity edge) o B 5 &) ERE >
S TP F | SEEARR 11 ) fEGp] T (connected component)y& T
PEpY (ARG Q{ (e 2%l R B (topological features) ()3 S [ 18]
&ﬁ[ YETE > ()= R p%@&g‘ﬁ—gﬁl ,(ﬁi)ﬁfﬁ‘ HPIREE e I b(lv)ﬂ (i~ FEAvge

o RO TP LR F R T P AR S - (R REEED NV 2 [ (complete
graph) » [ & [ FIRIET S F T ffl IES] o fob i AN o feb [ LR O S
Ry E T n\&aﬁfﬁ

Carnac 7 L ST FRHRRRRFI AL L E A6 U ) Ly 12 45 [ selectivity) > SRy
AT % (sensitivity)— 4T F'F’ 11%, LA (IR El[ﬁf«LﬁiUﬁL | F"E['FJ‘:F'UTF@W“
FRLA RO AR (RO o AL I LR EIR T - [T (correlation)
EJIJ"EJZJEﬁfJ’Ef BOREETE

2.2.4 SAGEAS PAfinadig S = PRSI P PR [l

Hr= VISR (R AR 2 PR R AR I T

%fffﬁﬁﬁﬁf PSR P PR R ARG 7 o 2 - R0 Rt -

FIFiH] 2.2 W?E/T?Vfiﬂigf FIPERP IR = Akt F T 53V Ty
Mfold ¥ RNAfold §7 {4 £ 1R 43 [ -

2.2.4.1 RNAforester [Hochsmann M et al., 2003]
RNAforester # BT FH 4 E(tree alignment model) » {4 “ﬁﬁ%ﬁﬁﬁéf&g A

1?7[§Fu%1§|#&#~ PR RS PR 5T " = ;Tsr:ﬂg I %ﬁlﬁil£?f A PO
o SRR f B A RS P AR T SR IR S AR
}{%‘J’EE*]EHEIU: %Eﬁﬁﬁ%fﬁ@ﬁiﬁ‘}ﬁﬁﬁﬁﬁfﬁ(tree)ﬁ‘}%ﬁ%fﬁ(foresﬂﬁ@ﬁﬁ@ ﬁ?ﬁ'(proﬁle) ik
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oA ClustalW % £ 5RO RIR oA 8D 2 Eiadiig #H = I e e | 5
LSS PSR TR E = 2 AR PE o (RN [ SRR A P PR H TRl A

R oo

\

E'}’:Efﬁﬁ?ﬁfigﬂﬁl HAIE N 5 ARV L n % d il S S T AT e
7}%@{%{ SR IT YR (degree) I A IV [H] ?Eﬁm' % O(’d'N’) » 2= LTk s
A £ O(Nn+N"+n’d) ©

2.2.4.2 MARNA [Siebert S et al., 2003]
MARNA [fil[f B Uy g - a0 5% = Sabfd 4+ RNA p9 2R &
R ORBE TR 94 (weighted alignment edges)fV & Fﬁ 1] lF:F SRR P P
AR % (conservation) » HFF R PR B RE TR A RS > iy
mﬁ?ﬁifﬁf Ly P B = AP P Aty 1*;[‘]E[Jj S TR ot
ARV E iyt T-coffee Ak = TERRESPURRIN o T PSSR
- ;;r[\;pfﬁ? [ ik pade

PRI N RO R 1 i n - B LS R
I 2 A AR B Y P R (R e O
OEN1)+O(Nn’) «

2.2.5 [’”ﬂﬁlﬁ*fj =

N F|51¢ Tu@%:f V75 jﬁ‘q’f{tﬂﬁlﬁgpu
2.2.5.1 RNAshapes [Steffen P et al., 2006]

RNAshapes kL 2= ™ H1 447 (abstract shapes)#« EFHOIT RS - H 1 5
= TR PRRY ST S LR A 5T Mr(analysis of shape representatives) ~ 7
RS S5 BT (calculation of shape probabilities) ~ I'J » #5 & — 1% %5 (consensus
shapes) ° #19f » RNAshape UIJF' o P RPOR] s D R TR R = A
(dangling energies)F " ki BN [ [ A ﬁ?ﬂ - T&w?fﬁ@%ﬂ% ~ Py RpeE]
PPRARAE R PR I /e
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RNAshapes iV = folffi = kL pudfigarfR5 2% > J[fi1 ] RNAcast[Reeder J and
Giegerich R, 2005]~ 2UK = ARt T ELI1 58751 (shapes) » 8450 1% FLRLA F ) ﬁ
M 2 AR YR 37 P (dot-bracket F T ERASEC RNAcast A F bR
aeZ i R TR = IR 7 Uit L/ =

AUCGGCGCACAGGACAUCCUAGGUACAAGGCCGCCCGUU
S O O G (R O O (PR 1 1D I O O (P )))))))) ..
A Y N I N ey ))) ) ) ) ..

& ﬁ?ﬁ?[t?s« AR FARVIEEEC "C and )" OFUEMEC T and T
F o [ PRSI RS A o TN R

TR (St 19 type 1 157 A B o B TR o R P
o8 25 4T [0 SEIAE T mested ST R SRR o0 2} E-rq 1 i LB type 5 oAl
EITfRGA3E » Yp

LLT L)

RNAshapes FIJF{|" |1 A 417047 1 T |2 RNA AORFRiIpesl - 1)
G FRARR

T4 (shape folding)

S APPSR R R R > 2 S
B P > TR R SpURERE PR R - 1) RNAshapes ﬁlfiﬂj@ﬁ'ﬂiliﬁm
[%:e_jﬁjfjmﬁ:“g,;gpﬁa(shape)ﬂJ;\;u;t, (e 7 i g AL ) 7,;1/}%]%'
TH J;ﬂ%t RES
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— 4P/ (Consensus shapes)
RNAshape TR o5t S kG RNAcast U #)forife « 5t

BTl F WS PERS PRl > RNAcast S [RA4]155 BIE S #p > JHT
E’J‘szi'rﬂi FEFIGITR > Tkt {1547 ] (abstract shape space) > F| fEAT
A SR RS e s IV [l PO PG I i

Hl- A

2.3 PR

F Y RS P TP 03 > = TR RS Pt A R 1 Pl
PRy = 0 HRLE —r%ﬁlrﬁp REX S E 'J'ﬁﬁ'ﬁif‘,l’[ﬁw IR I IR
YT R [ PR TR PRpV R 53 FHIRIRECE - 2 BFR G AR P
*FYRUR T VRS PRARRROEPRIPLE  e] PRI A A (e 2 e
(i

2.3.1 Rfam [Griffiths-Jones et ali, 2003]

(http://www.sanger.ac.uk/Software/Rfam/)

Rfam(RNA families database of alignments and CMs)e B[ 7 " 2804 FRpuAy
FERpPevR] - 8¢ ijfi’?&ﬁ F[F‘F”B@ﬁi TR~ FRY LR AR N - T
. ;B;ﬁﬁ%?[f]%‘:ﬁfjiyl\ [HJ,\?ﬁt:ﬁ = pl- ]ﬁﬁFﬂﬁ/?&@ H] E,ng}ﬂg[ o B 15 (g g
AN 57 EbRAT €kl > 7 SEED” F[?E‘ﬂ VERERE N RLDN = R Ry R

PEAOmSIE) g AP 1+ bl A7 FULL” & (3 RIFORHE =56 U FILRLY | Ui
#|(covariance model, CM)fiv ¥ 3% [Eddy SR and Dubrin R, 19945 7% % -

2.3.2 The RNase P Database [Brown, 1999]

(http://www.mbio.ncsu.edu/RNAseP/home.html)
P& 7 Ribonuclease P FRA[IUEF o & FIRDILL=R -
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PSR R Y bl ~ IS I 3D SEm ffR o B HIp R s
FEHIT) & Pore SRR o 51> B Ry Jﬁ |3AS i = NCBI(National Center for
Biotechnology Information)sffif ! Ig‘eﬂﬁ%&‘@lfjg}’% = ;&;gﬁ% %) 4 %giﬁggwfﬁ
R ] -

2.3.3 tRNA Compilation 2000 [Sprinzl et al., 1996]

(http://www.staff.uni-bayreuth.de/~btc914/search/)
s S4B SRS L L0 S b 71 T | RS EIJ T PR e R
IR S SRR - o 11 Y (kingdom)fl 12 ﬁlﬁ YR FIER Ny
5Pl organism) 73 2 FIEGE S - g6 S ) SRLEETIPE - S RL PR P
% g?ﬂﬁﬁﬂé PIFTRIPRIH ]

2.3.4 RAG [Gan HH et al., 2004; Fera,D. et alg; 2004]

(http://monod.biomath.nyu.edu/rna/rma.php)

RAG(RNA-As-Graphs web resouroe)fl= iy i RNA = 7&1’3%‘ R > FR
W%fﬂﬁzﬁ(Graph Theory)fvadifn - FFRrfBE! (VLR T3 RNA it
§Ti#3 (topology):& 1 53 KT » EHEASH {5 RNA fUEvElfr - RAG ”F"[ pAE T B A 1l
AT AR 2 A B o

RAG #ft F”J - %Bﬁﬁﬁ[%:ﬁ@%ﬁ % : RNA tree graphs » RNA dual
Structure Secondary Structure RT:ee GI?P];. Dual Graph
epresentation Representation
1 . e
TRNATY) [~ RS, > (e e )
.II — .-____/

q%ﬁ' 4, RNA tree graph * RNA dual graph = ﬁlﬁ%ﬁ‘
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RNA tree graphs *
ARG T RO P £ (BiCvertex) » [ ERRERS I £~ 3
(edge) » ISR~ i RNA = A5fig 47 55~ fil RNA tree graph = [HIF=5 12
A W R o= o 7}%

RNA dual graphs -
VSES ﬁﬁﬁfﬁﬁﬂ Eh— f[ﬁ'%ﬁ’ ﬁlj%@%fﬁﬁ‘)fﬁiﬂﬁﬁfﬁﬁﬁﬁ H(single strand) i £%
= et > YRR - W RNA = %ﬁ’ﬁ%%? K5~ fl RNA dual graph « JF=57 3k i’
P[0 FE M fj=pY RNA = A5 - & 5 ﬁ?: | RAG [IUsgagi ™ e pupis
[Kim N et al., 20041+ ﬁﬂ% £l RNA dual graphs [ fﬁj -

RAG FEA1 2 RS l'[}‘i‘aﬁwﬁ?ﬁ%ﬁwiﬁ TR SN R [l - FETREAUATE RNA
2 RRHAERLL G RS S PREBED T (R R R
Al riJl[*%“LLT fﬂ ANfi=yiie {%'FUI?E?F“ R AR E e Uzt Bl (R ) +sz
5 RNA = ; {B'e'“ﬂ%p Sl “ﬂ%w}aﬁ&p% “}E\:El RAG pj[ﬁlﬁ#ﬁ}*aé%n A £,
7 ﬁLF[\Jq}B*fJ o

2.3.5 RNABase [Murty et al., 2003]

(http://www.rnabase.org/)

RNABase(The RNA Structure Database)?ﬁ’ﬁ[?[ﬂﬁjA " Protein Data Bank(PDB)=*
Nucleic Acid Data Base(NDB)R{ #[AS S FRTYE] - | (AP H-=25ds 19 1 [l 3
W o VRV = for < oLp= A AT Y PRpY 3D(three-dimensional)adits ' > $39f
SIS A 95 T AR -
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2.3.6 SCOR [Klosterman et al., 2002; Tamura et al., 2004]

(http://scor.1bl.gov/)

SCOR(Structural Classification or RNA)HEH -+ A% ity Pl [filaditgy 74 ek 53
KE o STRIN) 2 Porge I RRERE A AR PR NS SR = A Y
SRR o [y S P IR  WI T = e ﬁ’r% T PR - A ALy A
2 ;:ﬂv‘&ﬂv‘ﬁﬁﬁﬁ-‘ﬂl ] 7115?-“?’%”7‘53%%['[“ ?foﬁiﬂﬁﬁﬁ i f,ifFJIHJ’EE* F| A5
FEITHIER TIOR3 = R SRR RN | (AP [RIoAe s (0 g
53 Y ANEC

237 # P BRI

PseudoBase [Batenburg et al., 2000]
(http://wwwhio.leidenuniv.nl/~Baiénburg/PRB:htmb) 5+ EEAAAS A% iAS E‘f{ﬁ']%
L B R RIS AR -

5S ribosomal RNA database [Szymanski, 2002] (http://rose.man.poznan.pl/5SData/)
FYIISS SS Fofy PRSI PR Pt 4R St e~ Rt -
PEIE I ”—%HF%W/PT#*ZE%% FL\' Srf TV o

miRBase(http://microrna.sanger.ac.uk/){= &~ BEAS [RAS PR » | (ANP7E 55 2178

B> PSRl o B e o A R P W (precursor) » % HELHR= 1 P> fj
U RUSTIM F AR £ -
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I (N s

3.1 Tﬁ?ﬁﬁlpﬁﬁ&m

Hi R Y T “’&“ﬁ“ﬁf AR T O AR
LT SR ARIER R o F Uil 7 pUE R R T AR AR
PRI 97 BB = 9% S 3+ S RNaseP 3 Hioéity 7 Tl
PO I RL AL OB ARPS, PT) [ R A R E SR B
A 2 P TR R (PS, PO, P10, P12) 1A PR R
B JVRR . PS, PT WFRS e « PRI IR St Rat T E o L
T”H'F”[ﬁm J(Graph) e A1 > L g ey Ej&“iﬁ" lIE OB A R A
b

P12 :i"_
..I \\..I
a."ﬂ.J o
G g
A U
c G
a -
[ ] a
C A
AG'\ .-
.® -i-‘.gllaﬂaa"g .
i ; 1. g ':l 3 LiL
., BogP? Ps PiIs
"9 3 .-'u_ "G-!G Alas o-
ki - |
P8 ':--: L . :J"‘C -w g9
c. 2 L ?l G L
..".g . :
P [ ] -,
.a.-- g Pls 3
ococa VY
Nl Sl il e
H
A
A &\
G ol
'3 A .
. sesalG [
- [ | A
] -COICG._}J
T ]
L ] [ ]
P2 a—»
: Pl —s
5..- ‘:-nn.--n.—---u-ﬁ;CA
i [ i q
Foood Jeeseee A

TWuCGGees A

ﬁ%ﬂ' 5. RNaseP %:’Fiﬁfiﬁ)%? ﬁlﬁ?ﬁ'
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AR L VR T IR PR B A 7 o HR) R RS [ -
A fﬂJ’?ﬁéWFUE R R S ) B i a5 R A I l"ff fErEF' VEEY
£% NP-Complete Jﬁ‘ﬁ' B PSR }lfj’ %’4\ Bl R ] F==5
(3 = e ™ *““hET (evolutionary computing)fl Ifi9%L [“’E,FJ i3 (genetic programming)
Vi R AR R ]

i eai R A RN TR SR R el R UP =l ] e N U oE
i N % P ik 5 > PRI (R M IR O AR PR 3 Aadhia SR
SURCPECE S - SEESTT SRR D PGS TR S B S o
fg o SR “Flﬁﬂ#” AR FL Y= 1 ORIET (T P9 R (ndividual)

32 P

¢fm,lw +mepﬁ;@p§p Uz ;&*ﬁﬁr%ﬁu .ﬂ[ﬁm&%ﬂ f J}ﬁf_;hﬁ DHF[EJ?\L_’%;
g

1. I') RNA dual graph [lOfea e ARt gei s Jsfﬁﬁ ) = RER RS RNA
dual graph Uy > H Hicu AR b A G R -

2. SRR lﬂ@@xﬂ%ﬂﬂﬁf@%?ﬁ IRV EE - T ERURLC=G
A=U "~ G—U = ZfgL ) -

3. — (W& g cuﬂ TR AP J%Bfﬁiﬂ%ﬁﬁwg&@%ﬁ% )
PR R IR o ey 1

4. Bleadiig =5 (B0 AR o3 Bl =l B! R Fiadiig T i Y
U TR

5. [ FISBEAHR IO & ERAEIUR I T 8 A SRR -

6. BV A - 15 EﬁHU’FE[Z‘%E U [l o

aIH s EIrpvT “&’?ﬁi CHRE B A AGES T, }ﬁ’i‘;ﬁfl PSR -
™ FIA 6 5% DFAGOO(RNA)ER 7 Mfold i vy (il 52y -
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g\\'c:g\"c
9: :‘x
‘1\. -‘1\.
¥y,
-3..|"|I .E _G"h\‘a
H
20 F \
i 4]
& ”
U‘ 1'\.
a.
N o#
L AN
AT
9 o
a

|I :_‘-‘i‘aha'_a_ —a""\k\
N AT ﬂu'jm',,,‘ 7

B0 s

[f' 6. DFAGOO(RNAYFHL Mfold % = V8T fefiditg

el “'“ﬂﬁﬁ%ﬁ'ﬂlﬂit RNA dual graph fAfsa. q%[l’ﬁl?fg A, [ﬁw[n EI [ﬁl
PR R P T IR & et Bty o) B I (eraph) v (vertex) - i) [
il EJL“'I[*?““% P T Jgsy DU iRgEre RTHTES » £ RNAFY ST 85> 25 (P91
Bl 2 37 i o AT AOREIV R T I R R 1 > Bl 2 R 3
Bz 4> g pd;ﬂg%ﬂ,ﬂﬂ%%ﬁl . &HFZ . %3 FIMR4 - Pl elie | 2] Feiir 2
T RUPGERAR it - TRERTL PR fuiliedge) § B 2 EIH R 3 VRATE
RO o~ (RpNR2 RIS i s iy PR R 3 5 Sl [ 2 % e
34 ) ﬁ'f&%ﬁ3 - RS (self—edge)[ﬂ”ﬂ@f3 Flelo &iir3 iﬁ#{{fﬂﬁ 1l
B 2 MR- A 4 0 FI Rk BTG [IEE 0 4 4 5 FORLE
(5 Pt 3 ZIRE2 3~ B2 2R poiil ) (R IR pUE e o iy
(e 4 2% 1 > BEJRH Hlis‘ifj%if{%ﬁﬁ (IR BRI 4 S ] 2
Bt PR TR - B R R (L
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4
l

Q%‘[‘ 7. ]E'lq%‘[[ 6 841 7 RNA dual graph

PUGIHEQ > 25 PIf — IREPRIAEAE T 2 I TSP L e ) 3
H fI9l(adjacency-lis# - | [ (directed graph) » 9117 [l 8 7 » 48 % SRV (4
Bk Lindon) 3 IR B B2~ B3 SR I 5 R st »
(I3 SR EREEIERT R 0 PIRe FRih 55 3 fﬁns‘%k IS
TRTL TR > R SRR W2 YR ST BRI 3T Bapudak o oY
- EIRIT T ISR Bl 2 S E R R ISEAREIR4 5 B3
93T~ TR EILRLUE(RG S 10 D0 TRmsB IR © B4 o3 (sl
RLIpIER4 Fret > 532 (b PR IR =R e o e AaE
RNA dual graph foffe4. ﬁ%ﬁ'

1 —— 2 » 0 1
P —— 3 o 4 l
3 —— 3 » 2 1
4 s 4 o1 1

8. T LB IV i 7
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SRy RNA dual graph f Jtﬂ{ﬁﬁﬁ@iﬁw E#*LL AOR A Y 2 I'F'EH% P35 ﬁ
e > AU AR 3R R A NPT TR L1 > TR
LT

1177 H—— 11 o 2 » 0.0 o 0 l
2155 1T— 88 s 3 2 1,1 s 4 ]
3|66 +—— 33 3 » 3,3 " 2 ]
4 |77 — 3,3 o4 » 0,0 "o 1

0. JEIH 8 0T 5 VR I

o S PV 3 FRICTE EDpa- R [ H e Ry IR RLS
G XY HR R R PR X 0 SRR SR e P A kL
M pOadiAgy - PN X2 Y M AR R 5 (PP el A AL EG 45 L1 H, [l
i TS A LI e R D ) S R 4
PTG ] e SRR - I FUEL0 FIR o (ONRT L VR SR
[6, 8] » I JRE O PRI a2 S FLNHIERE -

IR T i G Qink) [ Fy e 20 [RRERYIE GRS o= % A
[l A 372 lﬁ%,él:étHFLE Fe S [ AR 23 (R ﬁ?ﬁﬁéﬂz_
SV TRGRAR R 1 e Al - SYPH R T y RII S 50 MR R v I
HIEo ZVRIIH S 18 2 pfjr.::g%m%z s BRI T RS 5 0 e %ﬂ(i'ﬂiﬂﬁ P)JIRES
XL S5 B IREGEL AR 8 SN WA R 3 0 A B2 T ASE R R 8
FOMERERT3 5 0= [RGGAD  A S 1 SYDRGEEH A0S 4 0 2 [ Fr T
L] PREIRE -
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1|88 —— 02 y 2 » 0,0 s 0 ]
2 137 ——6,10 3 s 1,4 s 4 ]
3 |47 H—— 25 3 s 1,4 2 ]
4 158 -—f 35 4 » 0,2 o ]

A1 10 9 2 2511 S BRI R e

Fo> 7 I‘EﬁﬂjﬁT TV LRI P e [ e SR Lo 'F'? 7T
SRR PO [ fIVTUF OB TR B VR
gﬂk{“ﬁ'bli EJJE QJ}”@%E' JHEY 2 ] i o PP (PTARLEA P R ks
IV (random access)f™ & %F VR asray ASHERHE FlT F 8

IR 1L PR R SR T I > AR R TS A AT
AURE o B (IFIpoE — ] Ry e ﬂa{%ﬁﬁlﬁﬁp’m?ﬁ  FINTET Sl 25 MR
INECHE gﬁ@ﬁp FY G A B 3, Tl PRt~ & &R EL[6, 10]VE (%{ﬂﬁg)
rl UL%FB il &FFWp FY RS e A A R [, 4EJEJTH;£%F4

1L Y SERA: 25 10 V3 1
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3.3k Y

T RO R S 0 SR
P U TR PR SR TR R A
HE VYIRS A SR RO - B
L PRI U SRR S P A 7+ A
FERIFSA N = ok s [l

—

B A R PR O

AP RRRS R

L ]

EEERFY

]

gy - g

]

AT —ARATE R
L ]

|

EEFAZNA

CifanbaSBIb L

q‘?ﬁl 12. %ﬁﬁfi@ﬁg{l
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3.3.1 fiay A k=

— ] F*“‘ USSR L LR IR S el U R U R
ST 2SR (RIS P 1T
glIEIFfl%r SR e R R R ISR

b

R Hp e e FU’*E}T“Vrl—rﬁﬁfzjﬁlﬁﬂﬂﬁ‘ﬁ@ﬁ'ﬁ”\ L B e
FERPGHRI T PRI P % R 1B L U;iﬁfr;;g:
E'F“ fE R R YIEREERY S ] (population size) ~ — fli fl+ ¥ (individual) % % Z¢7@
(mutaﬂon)EUTi‘%Zf“ Pt TR = 2 (crossoven) A ~ & % E18 (reproduction)
oSk > BE) Sk wﬁiFﬁ [P~ iy (generation)E °

#ﬁjj s A ARG IR P - [ ek L FASTA fff‘#iw ) ﬁ@*im*ﬁg‘} SRS

*“A(”W%J fi+ BRI oY Sl e » 5V SRRSO

| BT A AT BNE SRR R 1 A 5T ) 9

+ wJ Il 153 55 DRk el I R0« 1) Kb otRNA_pND324
FHA - FE

> LL5592102.1/21892-21975 (ctRNL pND3z4)

AGACAATGUGATGUIC ACGATAGAAGCCGCUCCC AUCGACGACACUCGATGTCCGIACAGATACGGUTATC ACGCCCCEGUAGARLACTGCICC T
> X96952.1/270-186 (ctRNA_pND324)

CAGLAATGACCTCCGUCAC ATATAGACCGACGCTCUC ACACGUTC AGTGATCAGCGAGCC GATIIC AGAACTIGGC GUGGTATALLATACGCTCCTT
> LJ493278.1/5242-8159 [(ctRNL pND3Z4)
CACCCACATGUATATARATACGCUCCUUTGCGUTTIGTGTALTAAGCATAALGARALACTTITTGGUCGGGAATTTC TTTATGCUTITATIGITACC AG
> U35629.2/270-185 [ctRNA pND324)
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Purine riboswitch

Purine [V [Filadis 7 Kb = y?qfﬁ@fﬁiﬂﬁiﬁfﬁ > Rl R F BRIV
e R 10 ok RSN R A B 1 o S P
TR S FIRE Rfam EPRIE > IVET seed BIPY35 [ 2 S AGS e eR ) )
HER > TR RBER » (HIHIREATIE 100 0 [y LRSI 3R 0 i
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Enterovirus cis-acting replication element
Entero_CRE pYH [Fladitg 7 £ 1 {3 iposy 775 A H HIEIJ G W EPEpY
PR PR R T 1 2 w%ﬁ?p SRRV 1
Rfam [i¥ Entero_CRE FH= 1Y 56 % seed fIu-5]] > = = ANGEC 0w [ B Im«;[_
R JER R AEAIEL 100~300 T ;fﬁﬁff'»?/u ['ﬂyﬁm% 111 > =55 361
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mir-160 micrtoRNA precursor family
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FO PHIBUEEA - [y 5 57 ﬁﬂ%ﬂ%w%ﬁl@% TE BRI
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ﬁ:q[wg[(fuung e - Tﬂfkm IR R ED 85 0 =Bl 136 0 TSR
97 -

e R R R A

TR 7 HRrEl T ISRE AT SR
tRNA(high) 11 73 4
tRNA(med) 11 75 4

RNaseP(high) 9 335 11
RNaseP(med) 11 359 11
HCV_X3 16 100 3
ctRNA 48 85 2
ctRNA_ext. 48 185 2
Purine 35 220 3
Entero_CRE 56 262 1
mir-160 19 97 1

A1 W A

4.3 “dr e

EESTINNG qm P ESBURPY [E  EL Mandrake Linux 10.1 > P
[fFJ’E" Pentium IV 3.2GHz o BRI B8 = 2Giga-bytes fIUE i [*r:*‘r?ﬂ o
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4.3.1 == RNAshapes F i

" RNAshapes =Y IF'EJU—rﬁ'CF'i[ fﬁ Sl “HUT’F{%‘EJ A [EELES = i
Al 7 FOENaR R ) = RNAshapes 153 OH RIS AT 6 P
I'] RNAshapes =26 {[Hpo 750 fif =4

7+ HR(FGGP) RNAshapes[ 4 & 2.2.5.1 /| &) ds B ek gy &

dataset RNAshapes FGGP
Selectivity(%) Sensitivity(%) MCC(%) Selectivity(%) Sensitivity(%) MCC(%)

tRNA (high) 33.61 34.63 34.12 88.53 83.55 86.00
tRNA(med) 78.81 80.52 79.66 83.40 84.85 84.12
RNaseP(high) NA NA NA 81.34 16.59 37.64
RNaseP(med) NA NA NA 49.76 13.73 26.13
HCV_X3 52.29 20.35 51.31 97.40 79.33 87.40
ctRNA 70.23 90.53 7974 79.96 87.61 83.70
ctRNA_ext. 61.07 73.31 66.91 71.57 66.67 69.07
Purine 46.12 56.19 50.91 82.58 91.02 86.70
Entero_CRE NA NA NA 64.64 70.59 67.55
mir-160 63.21 98.67 78.97 85.27 97.56 91.21

. 2. RNAshapes % FGGP [ B 1 1tk

k- Fe 2 1 selectivity Feo T FERHIFVAR N FLFRRICERVESR > sensitivity Fr

[iI*FE AR PR Itpg’pxjf{«imMCC Al Matthews?FElFTJ E A 4.0
I 8] [ijFflIY NA #e7 RNAshapes 5035 & & 55 -

PE 2 IS RNAshapes ST WIRERPRI ARG - S SR
RNAshapes [V H # SR E 7 VRIIVA T RNAshapes S5 i s 1o
PETEAE A PSR SRR IR IOBYAAE A o )75 P96 FGGP HETR
SEREIROMR + [E7 U O » PSR R (M
o &J‘priﬁ%”(ﬁﬂ VRIS MPY SR (EGGP) i Z[JpA ?%ﬁ - RNAshapes
f% 5 [y t(RNA(high) ~ tRNA(med) ~ HCV_X3 = Purine fPY- IR e R gt 1> 55
([ <= AR 3PN B selectivity ~ sensitivity =2 MCC IEI’F S RNAshapes fiuA# N 1+

=4 o

IIL“
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4.3.2 B RN 51 A

i 3 SRERERRICE B B * TR £ T g DR
GIGES ~ FGGP 49 %] 2RI st 7= fort- i)« St » St » Matthews
PRI ) o 2 A ORE o s ~ SRR - Marthews AFR 81
iﬂ%rﬁrwﬂ? SR 1 AR TR R o] -

Dataset length #seq. # hit seq. Selectivity(%) Sensitivity(%) MCC(%) Runtime

tRNA(high) 73 11 11 88.53 83.55 86.00 7"
tRNA(med) 75 11 11 83.40 84.85 84.12 9"
RNaseP(high) 335 9 9 81.34 16.59 37.64 21"
RNaseP(med) 359 11 11 49.76 13.73 26.13  3'06"
HCV_X3 100 16 13 97.40 79.33 87.40 11"
ctRNA 85 48 46 79.96 87.61 83.70  1'56"
ctRNA_ext. 185 48 37 7157 06.67 69.07  10'57"
Purine 220 35 35 82.58 91.02 86.70  6'08"
Entero_ CRE 262 56 38 64.64 70.59 07.55  22722"
Mir-160 97 19 19 85.27 97.56 91.21 24"

3. B B

A RNA PR e BEIRF CE AR ?F'Iézéﬁif “Ez;ﬁ%gmr“ LE Y (RN
HET AT (PO i RS S RS » [N S R
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[l » SEZ5 [P A Jf,#iﬁ;@a‘%o 75 Mk high ﬁlﬁlﬁii'?ﬂf L 52 2 (g e
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