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Abstract

Recently, there is a fast growing interest in naltg RNAS
(ncRNAs) because they play a lot of essential ralesmany cellular
processes, even though the transcripts of thesBAgsRre not translated into
proteins. Actually, the function of most availalfieRNAs is still unknown
and needs to be determined. Since molecular stesctare typically more
evolutionarily conserved than sequences, detecsingctural similarities
among RNA three-dimensional (3D). structures camgdonnore significant
insights into their functional and even evolutionaelationships that would
not be detected by sequence information alone.efbwe, the purpose of this
study is to design a software tool'that can effittieand accurately compute
the structural similarity of multiple RNA 3D struces. Our method first uses
a new structure alphabet to transform RNA 3D stngs into 1D SA-encoded
sequences and then uses a traditional multiple esegu alignment tool
CLUSTAL W and a new BLOSUM-like scoring matrix toligm the
SA-encoded sequences of several RNAs for detetiimgtructural similarity
of these RNAs. Next, we have implemented the alooe#nod into a software
tool callediMARTS. Finally, we have testetMARTS on some RNA 3D
structures and compared its experimental resultis thiose obtained by our
previously developed tool MARTS. Consequently, éxperimental results
show thatiMARTS indeed has a better performance when compartd

MARTS. Therefore, we believe thdMARTS can serve as a useful tool in the



study of structural biology.



Acknowledgement

B el®p e ¥ - AHEEFASF IO R E SHR
BLa i By ﬂéﬂ@f&*& o» ANig3e# 5 7 R3D-BLAST % - =i fr 532

BRI ReniR 0 AR R B coding BIE 0 - B A 4
BIREREEE R EchieAbE o B v BERAICR L | n
PRomd &R AT A E L ?K.&‘;‘_}ﬁj? PR L g RS
N mfjfp LR R4 Rt Pt 2 Ay e > B
fed it o JAP LR BRBENEL > L EHE T
5 4 EEAPREY e oo gt bR R R R R RRF BAEAT

AP EFAT A E RIS hdp ¥ ¢ RE IR TS KR

HHEETE NI Ao BAGGA T PR ey ol
T AS gl o L F £ AN RLR R AR 23

EAE é‘mﬁ/z VAN AN A A - T B I AL '[& ‘31———

lr_m
+%

EREA B AT p e famEen- 22 o A G T (R F 4 F et 1Bk



N il DL T TSR i PR S PRy e Y

B =R L2 R FRAFEFR AR AL ERAD P - iF
*‘%%#ﬁ*&ﬁmﬁm°%ﬁi“§ﬁﬁf FE YR I ES

RAE R EE S BTN RN o B AR RE LR A

._\

B Fr R ek BN R B s d 0 BAELE LR
PR cBEHA TR BREAHIESELAL DT
oL TR E LR FELRERAT RO L o BEIRE 4

T g & T OFl - BPFREEELTELT -

T BREHE R FRE G F I TESE RGN D
s e s RAAZROMEP AP AR o EE 0 B
BA G PR B ERTG Fk}?-ﬁm;fq.zr—’——ﬁﬂmfpjgif =0
T AARA PR F oo BAHLE PRA AR E KR L P

EELSIEEATE SUE C TR 8RRV RS NS S S X

PP o= % o

Vi



Contents

L I
Y 0153 1 = Lox S PP TT TP PP PPPPPPPPRTPPR Il
F o [0V =T o =T 0 0= o | \%
1O 0] 1 (=] 0] £ PP 1
LISt Of tADIES ... VI
S o o U= IX
(O F=T o (=1 g A 1111 o o [FTox 1 o o PSRN 1
Chapter 2 Materials and Methods ............ccooviiiiiiiieee e, 8
2.1 B4 & 2235 Ramachandrativ 7-0 T 6 Bl oo 9
22 NBHF AN 2R BB RES - BB 13
2.3 # BLOSUM 2. B4 F =B 3 A BEL 18
Chapter 3 Implementation of Software TOO! . .cceeeeevvvvvvviiiiiiiieeieeeeeeeeeeeeee 26.
3.1 iMARTS iﬁi%J N CINPUD). i et e 26
3.2 iIMARTS z ﬁ%] A COUIPUD) i e 29
Chapter 4 Results and DiSCUSSIONS .........ccovvviiiiieiiiiiiiiiiieee e e e e e e eeeeeeeeeeeens 31
4.1 Pseudoknof & BH 32
4.2 tRNAS EBHH e 34
4.3 Ribozyme? £ B H M o 36
4.4 5S Ribosomal RNA £ b $ o, 38
4.5 16S Ribosomal RNA £ 4 3, 40
(O gF=T o) (=1 g S T Oo ] [od (1] o 1S 43
RETEIEINCES ...ttt ettt e e e e e e e 44

VI



List of tables

Table2-1. 4 23 F* e higfpF ~ ol »n & 0 £ % o ... 16
Table 4-1. Pseudoknot € st $7RMSD W 2 o e, 32
Table 4-2. tRNA % € 241" $HP RMSD M $ 0 e, 34
Table 4-3. Ribozyme? & FHYHEHDRMSD o e, 36
Table 4-4. 5S Ribosomal RNA? & ﬁi& e RMSD H dR o L, 38
Table 4-5. 16S Ribosomal RNA: & BV HARMSD e 41

VI



List of figures

Figure 2-1.(a) = B EL# L > g~ Ly~ I~ (o (b) 13 B
BEE N2 0127 BRPHME S e 10
Figure 2-2. 75 & PDB S T4 & 0 2 €417 2k shenpi - 0

Bl o F BEEA A - BEHME © o, 12
Figure 2-3. 1/ AP i#F 5 2 #1 A I kP23 B o e, 14
Figure 2-4. 23 B A4 # ¢ W BEPR = B B4R © s 15
Figure 2-5. » ##cp B H B T8 X B % o v 16
Figure 2-6. 5d B 7] - ${8 A 2 94 B DIOCKS® oovvceeeeceeee 18
Figure 2-7. iPARTS#ti¢ * g BLOSUM % # & #icie'd o ..., 23

Figure 2-8. % 7 = iteration#t& 24 g BLOSUM % & & HEE - .24
Figure 2-9. % = = iteration#7t4 % 5g BLOSUM % 4% & &L - .25

Figure 3-1. IMARTS ZL3E IE A1 B © ciiieeeeceee e 27
Figure 3-2. iMARTS 111%1 A B 0 e 29
Figure 3-3. iIMARTS z_ jﬂz it AR RIS £t 8 .30
Figure 4-1. ¥+ 7 #» Pseudoknotsin= .?k..%;.iﬁi’gf? SEVE o 33
Figure 4-2. ¥+ # tRNAs #h= .&..‘sﬁi&i’gf? SEVE o e, 35
Figure 4-3. = & Ribozymesg &7 5 £ o s 37
Figure 4-4. ¥+ = # 5S Ribosomal RNA’ﬁ.‘sﬁi&i’gﬁ SEVE o L 39
Figure 4-5. ¥+ 7 # 16S Ribosomal RNAw’ﬂ..%ﬁi&i’gf? SEVE o L 42



Chapter 1

Introduction

HTELR > RNAASF A4 FE P FulamE 4 £ H oot
% € &% (translated = 3¢ F 257 RNA (non-coding RNAs
A NcRNAs) [1] o v i & 22 BaE 4 “r3a s oo @ Landg ¥

e i 2 BRFIDER DFHFIAPF LR DL o bldrd

=1

BHEEFDAFNG  PERSE L EBHEEASHN - LI W
W2 fart R MRNA R 4% $[2,3,4,5F $F 1 0 % 4 dkp
w2 F I NCRNASH # 5y AR E AFreh o RNA A3 7 1A = = fd %
Pf-m/é]%ki?] (1) d A~U-C-Gorles ﬁ?ﬁ%ﬂﬁiﬁ%flj » = RNA
h- g4 (primary structure - (2) 1235 Watson-Crick &k 25 ¥ B 1%
(AJU £ CIG) ¢ \Wobblesg 2 B 4 (U/G) 75 & crg s » # 17 RNA

A2 37dp o 5 - w4 (secondary structue (3) *f 7 1 it fhig

I

Ao TR FE AL EERGT A4 R0 ekt

.ﬂz Bt g ARI TEF o oApada A 2 MG 0 B 2 BB



(tertiary structure - p = RNA 1= Bt £ T Al Xeray &
NMR &%= 2 kB o dele 39 > 2 BRI - B RNAHF &
TP R Ly RS Fh ZTEIFFTREL
A s s e RNA S #0  F e F3F S FARLRARE A R 4o
NOCODE [6]- RNAdb [7]~ miRBase [8]+ fRNAdb [9]4= ncRNAdb
[10] - fe ¥ 4p >t d-v 7 20 B 3 # 13 < & (alphabe) > RNA B &
P43z Ak (ANU-C-G) ,T*%p Birw|p ol o @ F
RNA & 70t 4 (sequence alignmentZ 35 41 4p i 59 RNA & 3 J

EE G AIEF AP B0 FALR ARE G vk o £F 1 0 RNA A 5 ehrb iy

-

A RPN U iz g oo R it Az 0 RNA 2 s = sl
g A - A7 RE L %S _(conservative @ 7 % it % > 2
PSR A BT A0 RNA = s B2 B endp AR R 60 R R
- BREAEEFL F T AL FprAPET 2iEiEAS 7 RNA = 2%
Jfﬁﬁ? R AR 0 K2 R O RNAF G I A RNA ¥ & 3 &
F g o kA Fe A FERFES T ERNA G o 3 EF i en

P % o

Xm > J4 5~ PDB (Protein Data Bank L E[12]¥ 1 RNA

Z i A B B RS ST e o R AP



AL E gt At e 4T RNA S HERARE FIEE T 2 4e
FPREF GRS - B PERE pR it AP RNAZ 58
a1 L aF 1\7* % RAEF T oo RILHm P o Bz BEGHEDE KD
23 E A B F0 T RNA 2 B ehfp 48R v 2R & - & FlEgaha
o B ERFE NS BEHEY S hfp 3 B R AR T -
¥ BB aRT IR ¢ SAREP E - B NP-hardsr® 42[13] - Atz
BILd o35 %% 40t 4 RNA = s 4 en1 B S0 8 4 b g 38 o
=+ b]4e ARTS [14, 15} DIAL [16] ~ SARSA [17] 2 iPARTS [18]-

ARTS & - B * % 1 pa B RNA %2 R B <A+ B

(substructure ehfr 1 E . TR * - BREFAFRRE 2= 3 0

A —

FE o g Al RNA B2 02 a Hal 5o A
(base-pairg > ¢ i ¥tig et e PR+~ - B2 5
seed:h M i o £ F FEd 1t e b RNA ¢ chiz st seedh {17 § 4
(greedy) 7 ;4 seed A Hehm fae ® 13- 5 Ji4p 00 4R & B =
T i 0 ﬂ}q\ FRAR I e 5 g (f’F—Jﬁ Doro # 4 #2 % seed

matches - i& @ £ ¥4 B RNA &t 4t o

N

g 4 - B

i

$]0 58 BRI HNRNA B TR G 2 B ] i %

% o & i p] RNA 3448 (RNA structural motifs » ARTS & £ - &



B2 spengria £ LTS B < RNA &+ B (4 ribosomal
RNA) Bevt g 3 ARTS A 3 BlE - EH s @1 it ¥ 3 2

Jedn & ARTS bt 344 527 1 42en[16] -

FM Ferré® A {1y — 8 2 o scie 1 ARTS * fopF e By
B 5 et X2 fev igm BN T A B RNA S 2
DIAL - DIAL R &A% - BREFAFRR & = = = aads i 2RF% 8 2
(dynamic programming algorithpr ,‘f‘gﬁ 83 B RNA & 5 7 ah-
BB 7~k A2 & & (torsion angle$ss B ## 4 (pseudo-torsion
angles) %3+ 5 % i RNA = &.T‘%ﬁ&i RBrendp A2 & o DIAL & = &
# Fe#g 3l et #2500 (1) global-alignment = vt $f41 F B RNA S5
hip A2 & o (2) local alignment ¥ 35 1 g b R AR 0k 2.
(3) semi-global alignment- &%} end gap# 3+ 4 7 global alignment
B 2% Ferre® 4 fo2 gk +[16]4 77 DIAL 7 3 844 {7 cid & 8 237
b FER 0 3t ARTS R {4 > L ERA PR Fenl TRy
[17] > #F Rk & ™ DIAL #7122 ch RNA S0t v 285 3%

T DIAL ezt B dk Afedtip R PFATIEF hpE RS EApg by 5 o

APFRF AL OFLRD T - BEHEF ~5 (structural

bk

alphabet-based:ix 5 iz » # B - B i2Fa B 5 B RNAZ &



= ﬁkb ¥eni | 1 E > SARSA (Structural Alignment of RNA Using a
Structural _Alphabed - 7 £ 2% i ] * #73) e & & ¢ (vector
quantization = ;% > e B s (a-y 0¥ () # RNAR
7 3 ¥ (backbone & = &z ¥ 2425 (conformation) %] 4 = 233 »
F-ffEd - BEFAREAFTOAPRS, 23BF AL - B RNA
Z s Hen3 A 8 (structural alphabet fj 4 SA) - % > £ £i8.%
H3F A B4 5 B RNA Z s B F 47505 3 d & 23 BT 2“1
= - % 5 7| (SA-encoded sequenges o PV 11 @ * @ AL R 7|
¥+ (sequence alignmenti# & £ & $5 ic BLOSUM-like 1% % 4 #&
FEr s Ml A B ;—,E-##.a B erdp 242 B o 24 i e SARSA R &7
B a1 £ - 5 PARTS (Pairwise Alignment of RNA _Tertiary
Structures ¥ &£ 73 B RNA = &.ﬁ%fﬁ_ﬁvw ¥ ¥ - % MARTS
( Multiple Alignment of RNA Tertiary Structures” i& {7 7 B RNA =
&»‘—FH?L Frert 4t o & PARTS 426 » AP v A7 s B
RNA - 442 54 (1) global alignment #ié * iﬁ A 8- AR L
# RNA = 2 s i ofp indz & - (2) semi-global alignment = $f

end gap# 3+ 4 = global alignment (3) local alignment # i * % 45

+\4

HA B RNA = 554 h 3049 I H % B - (4) normalized local

alignment & * 5 3 4 % local alignment® & 7 e 3t o ¥ ¢ >



#33 RNA Bipant ftm 3 > APLD0f ey R r AP D
PARTS f#t {73 & ¢ # #8424 DIAL fr ARTS & £ @4 » © v

PARTS{r DIAL et 353 % £ 1L 72 5 o

2 tg o NP F X FE D - BT

‘3\\-

R RO E R
Kt 45 B RNA = ,ﬁk,f%ﬁ » ¥ - PARTS :t % = iPARTS (improved
PARTS) - & i 7 - 8 B § R & 260 RNA = s 4 0 g ® 3
Bl ds n & 0 k47— BRNAZ B R A PR g
Y0 AR y-0T G BT AP Tk & ol
3 %5 e Hw B 2 (Affinity Propagation clustering algorithin[19] »
ARl 23 Bt ~ (SAletters) s TG T ~ B oo HEfS
BLOSUM-like e0= ;N € 373+ &8 8 fe o Hom'd o S F ok~ 1718 0 2

3 B IPARTS#E F ic v PARTS % 17 57

thFg ¢ AE A1) IPARTSH 3 L & 4 % RNA =
SR S - B AN A R E Y B gt a8
CLUSTALW 11it {7 5 £ 43 AN B ojamt o 5 7 & @ B3 ~

io 39 LB re s vt g AP 40 Henikoff 22 Henikoff [201% &) endizt =

)

=R

cig g 2 NIRRT RNA 2 s 4 5 7 23x23 ek # 4 i

Foo Aot b > APFE S - BATHORNAZ BB S £ 4



g1 & 0 fLz & IMARTS (improved MARTS) « .15 > § % %

%2 B A P AT IMARTS /29 § 04 £ % cnMARTS § { 45 64 e



Chapter 2

Materials and Methods
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Table 2-1. 4 23@ 3 * echigfpz L &H 5 &7 0 4 & o
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2.3 % BLOSUM 2 #1413 < § # 4 et

L AR G EE S AP R - BT A A A
(scoring function » 4 & ## Fxd vt $+ 013 i5 2§ i RNA S5 ~ 3¢
5 7))o F]pt 2N i 23 1992 & Henikoff 2 Henikoff & ) ehsizt = 2
4 &4 4 - B 23x23 % BLOSUM ( BLOcks Substitution Matrix =~

RNA 33 = el $ 2 et -

% & Henikoff &2 Henikoff sz # 8~ B OB ¥ 2 ¢ o ageni-

0O FAEER - B e TR L RERGFTAE G,
Bl M-F - HPN 9 FRE R s £ (multiple
alignment) > 11 & 4 2 AR RS Y B3 3R FFTHOTRS
S R H IR LT v (gap) e7% ¥ > Henikoff &2 Henikoff
#2 % blockse #- B &)+ Xk (4o Figure 2-69771 ) > 34 i 7 14 ji_

~m 5 E R EAEE Y @3] 4B blocks:

IFGG—————
IFDERABAAAA
IFDEABAAAA
IFDEABAAAA
IACEBBBCEE
IACEBBBCEE

RJICDFCHE~——-DGCADFEGEBCBDFJFMFBBADEFDHGBCMWEBAFBI
INDFGBGEACACGCEDFBGEAQF———————— PADGEGBFGCFBAAB(G
INDFGBGEACACGCEDFBGEAQF————————- PADGEGBFGCFEFBAABG
INDFGBGHEACACGCEDFBGEAQF——=—===="- PADGEGBFGCFBAAB(G
HFDBACEHWNFACCECBACEADfF————————+ JBDABBABABABBAA
HFDBACEHWNFACCECBACEAD————————- JBDABBABABABBAA
HFDAABDEBCCBGABMFECEAQF————————+ PCDBBGEEACBBGAAGUIBDBEBACAA
RJCDEF'CHE] DGCADFEGEBCBDFJFMFBBADEFDHGBCMWEBAFBOHIFGG-—————
RJCDFCHE-—-—-DGCADFEGEBCBDFJFMFBBADEFDHGBCMWEBAFBOHIFGG-—————
RJCDF'CHE| DGCADFEGEBCBDFJFMFBBADEFDHGBCMWEBAFBOHIFGG- ===~
RJICDFCHE~-—-DGCADFEGEBCBDFJFMFBBADEFDHGBCMWEBAFBOHIFGG-—————

sEsESE RSN

Figure 2-6. s5d & 7 %5 A 4 4 & blockse
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TLEE S0 2 vRARL Y vk phpedt (align) f- ATaiE S o RS
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%
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Ay e > AP * DARTS Frl 242 @ & 5547 (i RNA =
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Chapter 3

Implementation of Software Tool

AVT R FEANEDBHEF AN SRR A PFEE T - B
1 & f2 % iIMARTS (Improved Multiple Alignment of RNA Tertiary
Structureg > ¥ & * A K27 RNA= *fﬁm SEVH o ET RS
"€ 4 %> IMARTS a3k i 4 & (Figure 3-1)> 1 7 i ) 3 3L 4o

@i * IMARTS -

3.1 iIMARTS Lﬁe?p (Input )

Logi» &2 5B (275 B)RNA = 584 5% 5 <pdbjndb

id>:<chain id>:[residue]-[residue]* — & = PDB i & &

ke

NDB
TALE i o % - 38 5 H4a (chain) gt gL R
g R RALE R LR ALY c B KW “1ASZIR” 4

7 A_PDB %% 5 1ASZ> chainsii s R ez B RNA S
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2.

@m “ 1ASZ:R:620-660 " | % -+ £ PDB 7§ 1ASZ > chain¥: %L
R» &2 &% 620511 660 5L:5% iz B RNA F B o ¥ ¢
“1ASZ:R:-660 " p| = PDB %% 1ASZ R chainz + % »

$1BARD S 66054 A o

",ﬁi”l jjiiéﬁéi%J)\‘%;“f’F ) f%’*-f;,"# ViR Bz RNA = &

%4 (PDB4k% ) IMARTS fu3rie * 4 5 ¥ 1 i 20 % PDB

e
h

iMARTS: A Tool of Improved Multiple Alignment of RNA Tertiary Structures [Help, Examples]

Input at least two RNA molecules:

® The user can input RNA 3D structures in the box below in the format of '<pdb|ndb id>:<chain id>:[residue]-[residue]', where id
items are mandatory and residue items are optional [Help]. Examples: tRNAs, RNA pseudoknots

« (Optional) The user can also upload local PDB file(s), if any.
o [{ the user wants to upload more than three files, please first input the number of files here (maximum 20) and submit |.

1. @ | chianid: _ , from: to:

2. BlEE--- | chianid: _ |, from: to:

3. B |, chian id: _ , from: to:
Parameters:

® Substitution matrix: BLOSUM-like_scoring_matrix
* Gap penalty: existence=-4 and extension=-1 -

Run iMARTS = Reset

Developed by BioAlgorithm Laboratory, Department of Computer Science, National Tsing Hua University, Hsinchu, Taiwan

Figure 3-1.IMARTS 2_#& is /i & o
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FRrFae R R AR IMARTS » 342 #£4T “ Run

\\\?’;r

IMARTS ” % o & B » 3@;_%,”‘1%5%;@%{3; B o

E% - RNA 23 ~ 8 # 4 el - IMARTS % 7 =
iteration z_ g BLOSUM % # 4 #icse'E ~ % = = iteration z #g
BLOSUM % #& & #icae'E » 12 2 IPARTSZ % BLOSUM % 4 4 #ic

E o

EH - w79 4 (gap penalty  IMARTS Fg K ez v §) 4 &

2 gap (existence® ¥ icw A » it K gap (extension Hifr- A o
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3.2 iIMARTS Liig?]:'z (Output )

t IMARTS e 1 /1 6 b > F £ & B #6585 ~ ¢ RNA = 5.3

ABBEF I 0 MR AR g fic o B F 0 IMARTS ¢ B om Bie

—?‘&
%
N

 RNAS - B3 &8 B Fie 7 5 £ Heang ko & i e

Rdetn H B B 71 0 4o Figure 3-2477% e

iIMARTS Result(s)

Input RNA 3D Structures

* RNA molecule 1:

o 1H4S:PR0057 (PDB code:NDB code), length: 67, chain ID: T, from 4 to 69 (view backbone torsions)
* RNA molecule 2:

0 1ASZ:PTRO08 (PDB code:NDB code), length: 40, chain ID: R, from 620 to 660 (view backbone torsions)
* RNA molecule 3:

o 11L.2:PR0049 (PDB code:NDB code), length: 75, chain ID: C, from 901 to 976 (view backbone torsions)
* RNA molecule 4:

02CSX:PR0161 (PDB code:NDB code), length: 75, chain ID: C, from 1 to 74 (view backbone torsions)
* RNA molecule 5:

0 1EVV:TR0002 (PDB code:NDB code), length: 76, chain ID: A, from 1 to 76 (view backbone torsions)
* RNA molecule 6:

0 1J2B:PR0093 (PDB code:NDB code), length: 77, chain ID: C, from 901 to 977 (view backbone torsions)

Input Parameters
* Gap open penalty: -4

© Gap extension penalty: -1
 Subsitution matrix: BLOSUMS5-like scoring matrix_iter5

Alignment result
Average RMSD = 9.36,  Superposition display
Alignment of SA-encoded RNA sequences:

RNA 1 4 - - - BBBMHMNACEADM-QNPHL- - - IB- - - -BAAABBB- 69
RNA 2 620 c-eemeieeeeaaan EEEN N SRR CEAAABAABAD - - SHGHXPABAABAB 660
RNA 3 901 BBBABBMBMJACE-ABAP- - -MDJS- - - - - - ABACABBCBAB- - SKCHXPABBABAE- - - - - -G-TPBABAADJ AGIMFBAAAABAAABADCCC- - 976
RNA 4 1 AACBFGMEMJ ACE-CL-DVSILS-SEB- - - -BACFBBBEG- - - - EFCNSFAABACMK - - - - - -DKLPBAABCDI ARJMFB- - BABBABBBAAAA- - 74
RNA § 1 FFBAABMEMJ ACE-AE-PX - IMD- SEB- - - -AAAAABACCD] - -EAC- - AAABBBCA- - - - - -GXTPBBAACCJ ARTMFB- -BBBAAABBAAACLL 76
RNA 6 901 BBBBABLF-PACE-HE-Q- - -MT-PCBAAQRAAAABBAGCDINDECB- -BABGAECA - - - - - - - - - - - - LPBABAACIGRJQFA - -BBACBBBABAABKK 977
Alignment of original RNA sequences:
RNA 1 4 - - - GGAGUAGCGCAGC-CCGGU- - -AG- - - -CG 69
RNA 2 620 3 HCGH -- 660
RNA 3 901 y -A-UCGGGGUUCAAUUCCCCGUCGCGGAGCCA- - 976
RNA 4 1 -GUCGGAGGUUCGAGUCC- -UCCCGCCGCCAC- - 74
RNA S 1 -GUCCUGUGUUCGAUCCA - -CAGAAUUCGCACCA 76
RNA 6 901  GGGCCCGU-GGUC-UA-G- - - UU-GGUCAUGACGCCGCCCUUACGAG- -GCGGAGGU - - - - = - - - - - - CCGGGGUUCAAGUCC - - CCGCGGGCCCACCA - 977

Developed by BioAlgorithm Laboratory, Department of Computer Science, National Tsing Hua University, Hsinchu, Taiwan

Figure 3-2.iIMARTS 1@?] N Aim e
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I —*F," ¥ L gE_ " Superposition display: & 3

FrEv sz 27F 7 RNAS

Alignment result
Average RMSD = 9.36
Alignment of SA-encoded RNA sequences:

RNA 1 4 - - - BBBMHMNACEADM-QNPHL - - - I B- - - -BAAABBB!

e e e ]
RNA 3 901 BBBABBMBMIACE-ABAP- - -MDJ

RNA 4 1 AACBFGMEMJ ACE-CL-DVSILS - SEB- - - - BACFBBBEG- - - - EFCNSFAABACMK -
RNA 5 1 FFBAABMEMJ ACE- AE- PX - JMD- SEB- - - -AAAAABACCD - - EAC- -AAABBBCA-
RNA 6 901  BBBBABLF - PACE-HE-Q- - -MT - PCBAAQRAAAABBAGCDINDECB- - BABGAECA

Alignment of original RNA sequences:
RNA 1 4
RNA 2 620

-CEAAABAABAD- - SHGHXPABAABAB- -

- - -GGAGUAGCGCAGC-CCGGU - - -AG- - - -CGCACCU

Jmol4L %

']

FHaE ) 4o Figure 3-3

----- BBDBML IMRBBACEBAGKLPBCBBCCJ ARJMF - - -AABBABBB- - ---- 69
660
- -G-TPBABAADJ AGJMFBAAAABAAABADCCC- - 976

- -DKLPBAABCDJ ARJMFB- - BABBABBBAAAA- - 74

RNA 3 901  UCCGUGAUAGUUU-AAUG- - -GUCA A-UCGGGGUUCAAUUCCCCGUCGCGGAGCCA -

RNA 4 1 GGOGGCGUAGCUC- AG-CUGGUC - AGA - - - - GOGGGGAUC- - - -UCAUAAGUCCCAG- - - - - - - - - GUCGGAGGUUCGAGUCC- -UCCCGCOGCCAC- - 74
RNA 5 1 GCGGAUUUAGCUC-AG-UU-GGG -AGA - - - -GCGCCAGACUG JCU - -GUCCUGUGUUCGAUCCA - -CAGAAUUCGCACCA - 76
RNA 6 901  GGGCACGU-GGUC-UA-G- - -UU -GGUCAUGACGCCGCCCUUACGAG - -GCGGAGGU - - = = = = = = = - = = CCGGGGUUCAAGUCC- -CCGCGGGCCCACCA - 977

Superposition Display of MARTS Result

Background color: © white  black Spin:

on

» off Scheme: ribbon ¢ cartoon

wireframe trace

Superposition (PDB file)

Jmol

Structure display:
+ All molecules
RNA 1 (1H4S_T)
(1ASZ R)
(1IL2_C)
RNA 4 (2CSX_C)
RNA 5 (1IEVV_A)
RNA 6 (112B_C)

show IDs
show IDs
show IDs
show IDs
show IDs
show IDs

Powered by Laboratory of BioAlgorithm, Institute of Bioinformatics, National Tsing Hua University, Hsinchu, Taiwan

Figure 3-3.IMARTS z_

ﬁi;f]
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Chapter 4

Results and Discussions

A B RS 0 APER Y - 153 % IMARTS - MARTS v
Modified-MARTS (* 5 ¢ * iPARTS en} $& & #iE L e MARTS 5%
A) REFRFE XD E-HERP AR A PR REE o AP
¢ * 7 PseudoknotstRNAs:Ribozymes5S Ribosomal RNAsZ 16S
Ribosomal RNAsz 7 # 7 e RNA = &éf{&igﬁ £ AL AR )

E B o

\\\?’;r

B S Bk 2t IMARTS &4 5] * 7 % 7 =X iteration#? % = =X

iteration 2 7 BLOSUM % # 4~ 48" » M2 2 27 iz o J| 4
(-X,-Y)» B¢ X &7 gapsides @ -Y &1t £ gapdide s o
TroEgze e su L (4,-0)-(-4,-2)~(-5,-D~(-5,-2)~ (-6, -1
# (-6, -2) - MARTS £_# * H 35 % eig BLOSUM 3 #% 4 #icie 'L o

ez v f & (-5, -2) - Modified-MARTS R E_i# * iPARTS g

BLOSUM ¥ # 4 icierd &2 Hipk eng 6 K4 (-6,-1) -

31



4.1 Pseudoknot? € - %

- 2F &I B Pseudoknotini 4 (112x:A, 2ap0:A,

2ap5iA, lygd:Az 1kpy:A) k&7 5 £t 0 B R 40T & 40T

Table 4-1. Pseudoknot; € i+ 7 RMSD v+ 2

Tool BLOSUM-like matrix | Gap penalty | RMSD (A)
iIMARTS iteration 5 (-4,-1) 6.26
iIMARTS iteration 6 (-4,-1) 5.51
iIMARTS iteration 5 (-4,-2) 5.88
iIMARTS iteration 6 (-4,-2) 6.10
iIMARTS iteration 5 (-5,-1) 6.74
iIMARTS iteration 6 (-5,-1) 6.10
iIMARTS iteration 5 (-5,-2) 5.88
iIMARTS iteration 6 (-5,-2) 5.89
iIMARTS iteration 5 (-6, -1) 6.78
iIMARTS iteration 6 (-6, -1) 6.06
iIMARTS iteration 5 (-6, -2) 5.89
iIMARTS iteration 6 (-6, -2) 5.13
MARTS MARTS (-5,-2) 10.42

Modified-MARTS iPARTS (-6, -1) 6.80

¢ Table 4-132 14 & 5 € St g % > 217 125 7] IMARTS
B ¥ %> B iterationsh#g BLOSUM % 3% 4 #iiet oz v 54 (-6,
-2) PFe RMSD (5.13 A) % 8c) & (H B¢ drde Figure 4-1a

“5% )o X7 »MARTS n RMSD R & 10.42 A 8 & 4 H4e Figure
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4-1b) - m Modified-MARTS 1 RMSD % 6.8 A k|4F 4+t iIMARTS
2 MARTS 2 = d 27 2 > IMARTS ez et 8 % g
i MARTS % {84+ » £ 2 &_1I12x:A 7 1kpy:A (4- Figure 4-1bi- ¢ ¢
¥4 HRNAs) &3 # RNAs = 54 - MARTS PP &0l § 45 ¥ 19 8

H v = B RNAS $F1F {%4F o

Figure 4-1. $+7 % Pseudoknotsh= s i 17 5 €14 4 - (a)
IMARTS % & 24« $> 2 RMSD % 5.13 A-(b) MARTS % £ %

Hernt > RMSD 2 10.42 Ae
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42 tRNA % £ 540 %

FoomFg&kNAPR Y B IRNA i (1H4ST, 2CSXC,

1ASZ:R:620-660, 1IEVVA, 1IL2:C, 112B:Lk e {7 5 &£ Gt 44 2

7 i K AeT & Ao

Table 4-2. tRNA % & 51t ¥ RMSD - i -

Tool BLOSUM-like matrix | Gap penalty | RMSD (A)
iIMARTS iteration 5 (-4,-1) 9.36
iIMARTS iteration 6 (-4,-1) 10.11
iIMARTS iteration 5 (-4,-2) 9.93
iIMARTS iteration 6 (-4,-2) 10.10
iIMARTS iteration 5 (-5,-1) 9.43
iIMARTS iteration 6 (-5,-1) 10.38
iIMARTS iteration 5 (-5,-2) 8.83
iIMARTS iteration 6 (-5,-2) 8.44
iIMARTS iteration 5 (-6, -1) 9.35
iIMARTS iteration 6 (-6, -1) 10.10
iIMARTS iteration 5 (-6, -2) 8.57
iIMARTS iteration 6 (-6, -2) 8.40
MARTS MARTS (-5,-2) 12.48

Modified-MARTS iPARTS (-6,-1) 11.43

%4 Table 4-2¢ > i w g 30 IMARTS @ * % = B iteration
erg BLOSUM & %/&&éﬁ@ifr;‘j 9 {,j] & (-6, -2)F v RMSD( 8.4 A)

B3] 0 £ e K tRNA 3 3f4e Figure 4-2a% 7 < MARTS % &
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B 2% H RMSD ;1248 A (£ ftRNA 24 % L Figure
4-2b) i3 L %% ehi & i FIE_MARTS 2 % # @ 1IL2:C (4 Figure
42b ¢ F 4 ehidE) 2 v h t(RNA B o o 0

Modified-MARTS » # RMSD i] 5 11.43 A> %% 524 * iIMARTS

4 o

Figure 4-2. %+  tRNAS th= s B4t 7 5 €14 % - (a) IMARTS
5 £ 4pent 4 2 RMSD & 8.40 A- (b) MARTS % ¢ et

% > RMSD % 12.48 A-
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4.3 Ribozyme?$ -_é-_,_%*#w %

Sz ef%kA PR F- B Ribozyme(1X8W): it 2 f chain
7 RNA & ﬁ‘: (1X8W:A, 1X8W:B f= 1X8W:C) kit {7 = &% ﬁ‘;m 5
V4 F %2 % 4e Table 4-3%77F ;

Table 4-3. Ribozyme? £ :s-—;-fﬁw ¥ e RMSD iz o

Tool BLOSUM-like matrix | Gap penalty | RMSD (A)
iIMARTS iteration 5 (-4,-1) 7.39
iIMARTS iteration 6 (-4,-1) 7.35
iIMARTS iteration 5 (-4,-2) 7.41
iIMARTS iteration 6 (-4, -2) 7.35
iIMARTS iteration 5 (-5,-1) 7.39
iIMARTS iteration 6 (-5,-1) 7.35
iIMARTS iteration’s (-5,-2) 7.41
iIMARTS iteration 6 (-5, -2) 7.35
iIMARTS iteration 5 (-6, -1) 7.39
iIMARTS iteration 6 (-6, -1) 7.29
iIMARTS iteration 5 (-6, -2) 7.41
iIMARTS iteration 6 (-6, -2) 7.29
MARTS MARTS (-5,-2) 35.50

Modified-MARTS iPARTS (-6,-1) 7.71

3

BT EF %HLEEV EF R IMARTS & Modified-MARTS
RMSD ¥ & 8 A ™ » @ MARTS ¢ RMSD 4r % i 35.5 A» # 54

g & (Figure4-3b 4pg »+ 2 28 -
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Figure 4-3. % = [ Ribozymesn €7 % £ 1 #f - (@) IMARTS 3
a4 3 RMSD & 7.29 Ao (b) MARTS § £ it 4

RMSD % 35.50 A-
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4.4 5S Ribosomal RNAS € %+ %

FrafgskAPR* 7 = 5S Ribosomal RNAR 1 (3CC2:9,
1Y69:9¢ 2J03:B): % :& 7 RNA = ,?A:s-—;-ﬁ‘;ﬁwb ¥ F % % 5% 4 Table

4-4 #1757 .

Table 4-4. 5S Ribosomal RNA? ;if_:s-—;-f#w # e RMSD i o

Tool BLOSUM-like matrix | Gap penalty | RMSD (A)
iIMARTS iteration 5 (-4,-1) 3.68
iIMARTS iteration 6 (-4,-1) 3.68
iIMARTS iteration 5 (-4,-2) 3.91
iIMARTS iteration 6 (-4,-2) 3.91
iIMARTS iteration 5 (-5,-1) 3.91
iIMARTS iteration 6 (-5,-1) 3.70
iIMARTS iteration 5 (-5,-2) 3.70
iIMARTS iteration 6 (-5,-2) 3.70
iIMARTS iteration 5 (-6, -1) 3.70
iIMARTS iteration 6 (-6, -1) 3.91
iIMARTS iteration 5 (-6, -2) 3.70
iIMARTS iteration 6 (-6, -2) 3.70
MARTS MARTS (-5,-2) 18.73

Modified-MARTS iPARTS (-6,-1) 5.28

d F & F4r IMARTS & * % 1 B2 % @ iteration 3f
BLOSUM & # » e frz 6 814 (-4,-1) {7 5 £ $ 84 e

(1RMSD(3.68 A) ¢ % & & (£ %4+ E &4 Figure 4-5a¢ 7% ) >
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MARTS - ¥« RMSD 5 18.73 A (2 Figure 4-50) -

-

m

Modified-MARTS B] % 5.28 A> # % %1t MARTS 4 > £ iv % %

IMARTS -

(a)

Figure 4-4. $t= i 5S Ribosomal RNAfE e 17 5 &1t 4 - (@)

Hent 4> 2 RMSD ; 3.68 A (b) MARTS % £ %

-

IMARTS % £ %

et > RMSD 5 18.73 A-
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Tz BEHEALL RSP @ B¢ 2J03:B( 4 Figure 4-55 4
7 RNA) £ 1Y69:9 (+4r Figure 4-5if ¢ 7 RNA) &3 B RNAs &
MARTS chi 41t 410 4p 30 IMARTS chi i 35 & = < chL B
m MARTS et 4 R £ > 2 3 & R FIR A F] 5 3CC2:9 (4
Figure 4-5i= ¢ RNA),&.&—;&-#{&E‘ EZIRTE S LS o - 2L e S
$h-dea BFS gapy R & MARTS chigfpvt $pF @i %
3CC2:9¢ H & B RNAS 1t 4F1F {%4% » 12 Figure 4—5a§é§ » 3CC2:9

BHyF B .fsﬁ#{,ibﬁ B AR 0L o

4.5 16S Ribosomal RNA% '_é_.?e-*p—f#“' ¥

Bofé - 2 f %2 -7 i 16S Ribosomal RNAN 1 (2UU9:A,
2E5L:A, 1IFJG:A, 2HGR:AZ 1HNW:A) e {7 2 fiehd £ 4 > 9 5%
% % 40 Table 45977 - LRz 2 qd %% % > IMARTS &
Modified-MARTS i& i 5 £ &4 4 RMSD % % & 3 A A
MARTS & # 1+ $4¢7 RMSD #r i 45.25 A- Figure 4-6a: iIMARTS

i * % > B iteration=ig BLOSUM % 3% 4 #iie it oz 6 5 4 (-6, -1)
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p¥ 2718 $ ¢ 1 Ribosomal RNAE &g > 2 RMSD % 2.49 A-
Figure 4-6b7] 5 MARTS e/ 41 48 % > 11t e 2 % (7400 MARTS
Gt % 4 350 # 9 9 2UU9A (T Figure 4-6biz 4 :h RNA) p

BER O 10 90 B 0 T i S R HehR R B4 > RMSD &t

Table 4-5. 16S Ribosomal RNA: £ FH HORMSD W e o

Tool BLOSUM-like matrix | Gap penalty | RMSD (A)
iIMARTS iteration 5 (-4,-1) 2.60
iIMARTS iteration 6 (-4,-1) 2.51
iIMARTS iteration 5 (-4,-2) 2.68
iIMARTS iteration 6 (-4,-2) 2.50
iIMARTS iteration 5 (-5,-1) 2.62
iIMARTS iteration 6 (-5,-1) 2.50
iIMARTS iteration 5 (-5, -2) 2.68
iIMARTS iteration 6 (-5, -2) 2.68
iIMARTS iteration 5 (-6, -1) 2.62
iIMARTS iteration 6 (-6, -1) 2.62
iIMARTS iteration 5 (-6, -2) 2.68
iIMARTS iteration 6 (-6, -2) 2.68
MARTS MARTS (-5,-2) 45,25

Modified-MARTS iPARTS (-6,-1) 2.76
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(a) (b)

Figure 4-5. $F7 1 16S Ribosomal RNAR g 1 {7 5 €14 $f - (@)
IMARTS % & 2t $ > 2 RMSD=2.49 A- (b) MARTS % £ &

Hernt o RMSD= 45.25 Ae

42



Chapter 5

Conclusions

AEEE P AR Y T IPARTSHB T = 2 {17 A H i

F_&

3%y 7 IPARTS 5 BLOSUM B # A Bcieid » ¥ 0 € 374 = —
Vo H -ﬁ S B RNA = &l & IMARTS - ",’f g2
o AP e B % s Bon MATe IMARTS /2§ vt 2w e MARTS
f= Modified-MARTS 3 { g Jhodcie » AP R B * BHF
N EE B e ¢ #reg BLOSUM B 4% 4 et cn IMARTS @
MABEA PR AL S G- f8F % P18 - P IMARTS 241

CLUSTALW kit i7 RNA B#3 =X A oles £ 4 £9 0 bt

hY

Hv { Fengeda & 4o T-Coffees ¥ 12 ki€ 7 RNA S H#HF ~ 54 5 7

1% £ 4o FP o dofe 1% T-Coffee % 3~ 5 IMARTS p # 7 i¢ #

7 CLUSTALW » #-8 - & 5 FF 7 gk dE o
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