1% RNA = gt = a2 HF 3
3hu] RNA 40l

Identifying RNA Structural Motifs
Using RNA 2D and 3D Structural Information



117 RNA = g2 = s S T3
hu] RNA 4 ol

Identifying RNA Structural Motifs
Using RNA 2D and 3D Structural Information

oy o2 i mE > Student : Yi-Chiuan Chen
ip FHR Eﬁ%«*%jx # 1 Advisor : Dr. Hsien-Tai Chiu

REE L Dr. Chin Lung Lu

=
J4
pa2
(=
S
4%

S R RS

A Thesis Submitted to Institute of Bioinformatics
College of Biological Science and Technology
National Chiao Tung University in partial Fulfillment of the
Requirements for the Degree of Master in
Biological Science and Technology

July 2011, Hsinchu, Taiwan



IR

(T # % o nCRNA 3287 ¢ 838 3-d FeRNA & 3 G2 AR As
AL EAR o B P R PR SRR AT o 2 FATFIRI CRNA

higredr 2B ¢ M A I X - 2 5 F 75 PDB TR E S RNA &

ETIRS

AR EAE RS TR RS AR S & S
RNA 35008 © 37 5 47 5 & P 1G5 RNA B0 4 £ 4

FEDOF A o R o P B HACPDB B R ¢ o RNA S5 8 Fr

el kv g - B P eana (v - RNAMotifScan & ip 1 £ £ )
o MAEGEC BB TAETEIDE RS D - B % T RNA

Y - B T RNA BHERCH o 85 RNA ch- 45 5 iy i
ORNA - 2 R B T SR RF - AR ] Ay
RNA S n? At 3 b - stz s dffo hhihz d o AP
ha g B G F L RNA Z B g 4 - BB R £ 0
- I i3 :2 RNAMotifScan #23\ # 7 12 :{ en RNAMotifScan it 1~
RNA frig A4 (- B ST )8 - AR HAE P (T2 B2 HT)

Ry RNA S - &8 > AP RE ST 2wy



2

g

A

B~ 1 RNAMotifScan 543 RNA %

i
P

r

=2
L

- % 4

¥

5=
Rt



Abstract

In recent years, the non-coding RNAs (ncRNASs) whose transcripts are not
translated into proteins are becoming more and more important in the biology.
They play essential roles in many cellular processes, such as gene regulation,
RNA modification and chromosome replication. Biologists found that there
were many recurrent conserved substructures, called RNA structural motifs,
in the RNA structures currently deposited in the PDB database. Many studies
have also shown that the RNA"structural motifs usually have specific
functions. However, it remains @ challenging task to accurately identify them
from the RNA structures in the PDB database. RNAMotifScan is an
alignment-based tool for identifying a specified RNA structural motif from a
given RNA structure by considering both the primary sequence (1D) and base
pairs (2D) of the RNA structure. However, the 1D sequences of RNAs are less
evolutionarily conserved than their 2D and 3D structures, suggesting that the
1D sequences are less useful than 2D and 3D structures when identifying the
RNA structural motifs. In this thesis, we utilize the structure alphabet that was
previously developed by our lab to transform RNA 3D structures into 1D
structural sequences and further modify the program of RNAMotifScan such
that it can identify the RNA structural motifs based on the base pairs of the
given RNAs (i.e., 2D information) and their structural sequences (i.e., 3D

information). Finally, our experimental results have shown that the above



method indeed have further improved the performance of RNAMotifScan for

identifying the RNA structural motifs.
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Chapter 1

Introduction
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Chapter 2

Materials and Methods
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22 Mk R ¥ f2 1 B i f2 Watson-Crick %% £ $# &

Non-Watson-Crick & & %t

RNA# A48 d AV ctait B+ o dh Az A5 7 44t %
g ¥H:E B % (edge-to-edge relationship) [18] - RNA =g 2L 4B 7%
BB A IR L § 03 At A iR (A-form double helix) ¢ &

B 53] Watson-Crick dg zA % - L £ o2 P EARFRE 2T » <
% 77 RNA ﬁéﬁ#ﬁiﬁ’i#’—’r A NI A i U Rt 2y RNAm*fﬁt’ 7 Tkk

Henk

e

ﬂnl

LY % fhena55% s Watson-Crick s 28 $ -8_8 F 550 ¢
shH ¢ — 78 o Leontis & Westhof #2001 # 4%+ RNA #& 78 3% ! 7
- B E[18]e iz B AR o B PR A Y T A5G 4D

Ao = B & s E_Watson-Crick 3 (& & & 45 5 & % Watson-Crick
# A EEA) 2 @ g )~Hoogsteen i#( # frfer® A C-H i )2 Sugar
f (Figure2-4)- ¥ b e ypde A5 pEH 4= » ¥ & 5050 (cis) &
F 3¢ (trans) (Figure 2-5) o iy i@ $Hif B R B pEH 42 & do i A4
A% L - 2% (Table2-1) - Leontis & % 28 34 2 2% ¢ » C1-Cl’
Fo B BEHLAR 1T g A AR AAP I 2 A RNA B9 v 1

SAPR AT B E B BT g o 2 Ap 01 i A HHRAL



Figure 2-4: RNA#& A F eh=z B o A554 4Fang o () &b} f

SH I E A - (4 et B R A7) -

o
H H}P;-D ’p
\ o
NH-=-e _OH
P i A N*“*-lr H O> © P o H—N Yo
4 | §
Al Sl S A ¢ [y o
I:':) \ >“;Nf (o) H M=H----- \
— \ e 0
H=N =N
Q - OH H 0 A \ o
OH HO

Figure 2-5: "8 5% (cis) & 7 5% (trans) BEH&E > v o (=) "N pEH
3w o (v) F @RS w[17] -
Table2-1: MpEH e v (%= (7) HgHEM % (¥ 2 7) 5 2%

B RNAMAH L, 2 12 B R3F - % 7417 BN & 2B RSE
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f12; & % Watson-Crick :# ~ = 3,1 & Sugar ¥ ~ 2 > ;& £
Hoogsteen i ~ B3 /% i & "8 5% (cis)~ BA;¢ 7 & & & ;% (trans)
[17] - # 7 & 34| Watson-Crick # & %27 Wobble #& A ¥t > % - B

RO iR fhkR A B g A 304 5 25-Watson-Crick

i S 41 -
GLYCOSIDIC INTERACTING EDGES SyMBOL DEFAULT LocAaL
No. Bonp STRAND
ORIENTATION ORIENTATION
1 Cis Watson-Crick / Watson-Crick -2 Anti-parallel
2 Trans Watson-Crick / Watson-Crick == Parallel
3 Cis Watson-Crick / Hoogsteen o3 Parallel
4 Trans Watson-Crick / Hoogsteen o Anti-parallel
5 Cis Watson-Crick / Sugar Edge o Anti-parallel -
6 Trans Watson-Crick / Sugar Edge o> Parallel
7 Cis Hoogsteen / Hoogsteen B Anti-parallel
8 Trans Hoogsteen / Hoogsteen -} Parallel
9 Cis Hoogsteen / Sugar Edge > Parallel
10 Trans Hoogsteen / Sugar Edge (g > Anti-parallel
11 Cis Sugar Edge / Sugar Edge > Anti-parallel
12 Trans Sugar Edge / Sugar Edge B o Parallel

732 RNA B¢ dhg A% 24 i * 5 RNAView[30]

TR

& MC-Annotate[9] #& RNA #& A 3121 &> Hrfz e 7 7 fe bl

iR A PEH S v BN o RS ML 31 LR

N

TR - BHBE I - BRI S RGO R

o sd g dog TV S Bk ol o B R
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2.3 &* RNAMotifScan (iR fz2 B 5w $HiF B 2 23 RNA %

H2 Fihjp AR R

RNAMotifScan =%~ £ - B # i 24| (dynamic programming )
Rl EdIREE. - 5F JUER R r - HASGLERF e 2 2? > -
Brldmt b3 AR SN AR iR AIA DR - A
PR - B ITA B 2 o e R AR T s B B
E R R ER AT DL B TIPS
RNAMotifScan i 2. 45 5% AL 2% g 52 o« A dF 2 5 >
RNAMotifScan £ #-p 1 RNA G4 & query £ /& £ dk 7 ¥ 1 >
R E O R B EE- B oquery V¥ BRETEE B R R
p-value £7 i H 144 & (false positive rate » FPR) o #i% ciph AR AP
2 * RNAMotifScan ;& & ;2 1% S8 7 = B R 4cs g ehite ¥ 2 12
= RNAMotifScan 42 38 75 > ¢ 2 7 12 -5 58832 - MR HE R 7|
(i SRR G R S B R

Hiva Bie A P B i AL N G L5 P&
P, o 3% A= A[1]A[2]...A[a] * B =B[1]B[2]...B[B]* % # 7 m £ n

Bk AR - BB A o vt iR &t o A

17



77 5] aEp ke b d A[0]22 Alo+1] ~ B[O]# B[B+1]H = chm %
#& 75 ¥ (dummy base pairs ) o v b Fdk A EF R S SR St Az g
TRt RIREE - B RS B om iR A FH A
AL B F AAES Bl A ZORFERAAESDH o M HER
(6 B B AL UG I Of i W ER AR AR £ 7=
PA, P{,...,PA, & PP=PE PE . PE AN AAA® BY
Tk A E S M AHBEERGR P LA TEd 23 e
B #adg AR T ATEAR > MlRG P g ATERA -
Bk e — B¢ 5 7 dg RSP &1 P gt 3 dg RS2 B Rl
s A =4 (1) # A7) (juxtapose )t P’ &2 P BRI E 7R 7
FRAEd PP AP i vieiP<,P (Figure 2-6a)-(2) &k
(nested) : P'#1¢ Z B 7R P #r¢ 2B RFR 22> ¢
w2 P'<yP (Figure 2-6b)-(3) 22 (crossing): & sk A ¥ B % &
ZHEFERFIA L X LS (pseudoknot) o e At A gt

#1525 (Figure 2-6¢) °

(a) (b) (c)

N W

Figure 2-6: A 7|7 2.3 sk A 4B (ko (@) © 7)o (b) & -(C) &= -
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& RNAMotifScan = ;% ¢ 2 (1) Loop(P4) % 7 = A[PA] &
A[PAl2 B ens B 7> 2 ¢ § A[PA] & A[PA] - (2) Loop(P4, P4)
27 A A BT A g AHPABPAZ B en3 B A[PA +1] .
A[Pf — 1] » 4= Figure 2-7 o feifie Si38 ¢ 90 % 04 B 5L T & 4
T (1) I(PA, PB): & sk A 4tPA ¥ PBYHA= k ehl o do % PA 2 PB R
sk A H R 5 match > 2 ficde % 5 & 2 5 mismatch > A o 140 (2)
S(A[i...j1.B[K...1]) : 2 Ali...j] & BLK...I]% 3 & 5| Bt $e04 #ic - (3)
Gap(k) © &/t 7 ¢ 3~ &R LR 5 Kk 3 A Fhde s 2o (4)
M[P4, PB]: £ P4 g2 PPt - Aen 4k PA 22 PP & G cnR 7| % B ek

s B 238 MIPlummy Prummyl P12 A 21 B R 7k

T X

Pf“ Loop(PY) P& Loop(PY',PA)P}*  Loop(P*) P2

Figure 2-7: & A%t e 2 enF B 72 4305 ¥ 5k Atz BFeh3 &

;IJ o

% RNAMotifScan e 2 ¢ » & f3- 5 #r4 PA 4t PP e M[P4,

PB]: » Phe 2" PPe 7P o M[PA, PBlant & = 4T
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M[PA, PB] = M{P4, PB] + max{Ms[P4, PB], M[[P4, PB]}. (Figure
2-8)

Figure 2-8: M[P4, PBlerr & Blo-PA2ePBri iz d s 4 57 PA PBin
LM ANER I AT P BRI A amPABEPES S on3 B

Fé& o

2o M[PA, PPliie A HPAE PP henidicr @ i AHEAT Lk
Hedk A iter e A PAB PP Lahdk v e i BiRaeT
M[P4, PB]=

wi X I(P4, PP)+w, x (S(A[P{], B[P/]) + S(ALP"], B[R?])).
(Figure2-9)

P PP

Figure 2-9: M[P4, PBl&r 2. Bl - PA22PBri i d s 4 57 » - B #k

20



BEHA B I(PA, PP)oPASIPPin: Lig kI EN ¢ 4 3 B P

$HPP ~ PASIRE A 5 4 i

WPABPB S 5 end BAR B At B A 23 BRdHh > B A
F2 B hA B E o N - RS M[PA, PP B A R
O A A eag A B My[PA, PBlEmt E S e

Mi[P4, PB]=w; x S(Loop(P#), Loop(P?)). (Figure 2-10)

PB
Figure 2-10: M[P4, PB]er & Bl o B3k s PArPB e 5 on3 B A%
Bl i Azerdg A F15 7 4 G dk 25 ¥ insertion/deletion sk

(e 9l B BB LR S B S ena Bk S(Loop(P4),Loop(PB) -

oo BEF A BakAHPAEPAY 2 PA < P4 Rl Loop(PA)T Ak A

& = @284 (Figure 2-11): (1) LoopL(P4", PA) = A[PA+1... PA-1] -

21



(2) Loop(P4) = A[PA +1...PA -1] - (3) LoopR(P#A , PA)

A[PA +1 ...PA-1] - M|[P4, PBlézt & = 2 4™ @ M[PA, PB]
max; {Mc[P/, PP1 + w; xS(LoopR(P#, P4), LoopR(Pf, P?))}. (Figure

2-12)

Pt P pYo P
Figure 2-11: PAgsPA" 5 § b % > B & Loop(PA) A A & = 20
Ao 8% d A L LoopR(PAS PA) 2§ #vA 5 LoopL(P4,

PAY; ¢ @ icé 284 % Loop(PA)

Figure 2-12: M|[P4, PBlerr R Bl o A #icd A 34 A 1 (1) %4

LOOPR ¥ 3 e 7 v 44 4 e o (2) F 4 M[PS, PPIRnA -
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MI[P4, PB12 b4 gl e % chig 3 $TPA 1 PP 5 0 o gt 5 0 4
A EIOA S F - BINA L PARPPAe 235 M[PA, PP] P PP
+ RIS B AD e B e MIPA, PRI 2 A S BiRdh o B
Y B R~ Al o A8 M[PA, PP1E O AR AP €
F(P2) > P e F(PO)% Fi% EPY <, PA® &PlerPlz Bit 5 iz
™k HPLR WP < P <p Py o Me[Pf, PPI 3 2 i 4
Mc[P7, PjB]=
—W3 x S(LoopL(P{, P4),LoopL(P?, PB))+M(P{, PP),
max Mc[PZ#, PP1+ws x S(Loop(P#,Pf),Loop(P?.PP)) + M[P{, PP,
P& € P, -

PP e nPfy | M[PA, PP]+w; xGap(lLoop(P? , PF)| + [Loop(PP)| + 2),

Mc[PZ, PP]+ws xGap(lLoop(P , P{)| + |Loop(P/)|+2). (Figure 2-13)

LoopL( Pf PE)
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Figure 2-13: M[P{, PP1e7w & Ble(@)~(d)iz & 5 M[P, PPle% 1~4

B -

M[P#, PPlen% — ik et e PAB PP s 4 cn® B 7 § PAe

PjBﬁﬁ - 42 30 {ﬁ_PiA.‘;i’PjBifE'] ( pA ,,k:pB - 1) P
s fice ¥ob o hAvER Oy pAuapB S BN A g i ¥
oo A AT B o B BN BPAE PP g % IR P
'*’PB" - Aez hifg B H - A e A S o T ELA et

BV Az BA o 5o BIA ZPAPEAe L s s A L 3
o B BIRA A NPAaPE S PABPE, BRI AR K =
2% > 2PA n—ﬁapB R LA e NN SIS R Ly sb i = i & il
ISR B RS Rl S S LR A AL

A PAE PP Az s sk L S 0 § 2 %A L Loop(RP , PP)

BEPP L Rk AT R AR BB S Y b - e faA i

mRARE &Y ZRERCDT R TP RE LR A 0 A
PREBBIA AR 23R S AFREY AR E 0 &

PP IP 2 P el s B SRR R G SR o A
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Chapter 3

Results and Discussions

= 7 %% RNAMotifScan j€g * — ‘afF 7| i3 % — ‘ald
WA 7] i RNA St £ F 4ot Pagh ot RoA ™ 2 &
HiFraa P L FRF 0 APR EAERHZ R RR MDD ZEB K
s 22 et B o - A kA RNAMotifScan v < #
“rie e B RNA & H 508 *Kink-turn~ Sarcin-ricin~C-loop £ E-loop
¥ T query 2 - e BT A (H. marismortui) 23S rRNA
(1S72) % TP S H[Bl] - % - BR&HY » AP * 7 - Bha
H. m . rRNA 7 RNA %5788 — a-loop % ¥ query & ¥ - "’g Fu4
&L 1£ 125 (T. thermophilus) <30S rRNA (IN32) P %554
F AR DS AR o A el query 8 P RS HES TES 2 iy
NN A= T m@?l AU Bode rb e A 4 0 F B 5% 2t 11 FPR
0.01 5 A ® FPR#c® | ** 0.0l chi % 5 % 4 B % ¥ 34h2 - & FPR

gz < %> 0.01 = RNAMotifScan ~ ﬁJc c;\ 7 RNAMotifScan % % 7«
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TR

3.1 #& H.marismortui 23S rRNA # #3853 i RNA SHEN

Kink-turn

Kink-turn #_- & 2243+4¢ internal loop - (Figure 3-1a) - o
B Ld ok E Kink-turn end R ECH P - g < & R e
(Figure 3-1b) - Kink-turn # RNA ¢ & 3 & & chjdo Figpsiz i
(Figure 3-1c) [14] - & i& B % .24 T query & Kink-turn 3 H 48

% p H. marismortui =7 23S rRNA [20] ¢

—_
Q
~

(b)

|

NnNoOv

>>O

w o> —ONW

w N>30

Figure 3-1: Kink-turn &£ #-48 - (a)query g A 7 & B © (b) query

12 B o (0) Kink-turn-F-v B2 3 15 % 7 FI[14] -

A e 2 2 RNAMotifScan B %) T;'S%S F|H B2 )I%JJ o

4 1S72 ¢ = B A

\4

R4 Kink-turn [14, 20, 22] - e £ 34 5 v B % %
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7 RMSD +* RNAMotifScan . % | » v ¥kt % v s (Table
3-1)-
Table 3-1: 2\ i 0 £ 27 RNAMotifScan 4 %] 12 Kink-turn .fsg&—f#%ﬂg

t 1S72 ¥ R 4P 0L BB B A i %ot e

. . Our method RNAMotifScan

No. Chain Location RMSD FPR RMSD EPR
1 0 77-82/92-100 0.000 0.000 3.240 0.000
2 0 936-941/1025-1034 2.466 0.000 2.466 0.000
3 0 1338-1343/1311-1319 1.996 0.000 1.996 0.000
4 0 1212-1217/1146-1155 2.230 0.000 4.030 0.000
5 0 1587-1594/1600-1608 2.984 0.000 5.699 0.000
6 0 244-250/259-267 3.195 0.000 4.198 0.000

d >t Kink-turn query end) g 2_1S72 > #700 % - BIFEF L %
F_query & ¥ > RMSD #ic & li% 5 0o sV imen & 8.2 2vs &£ 1> 2
%_RNAMotifScan % % &9 RMSD #r & 5 0o i & 4758 30 » Aoy
g 2% ¥ RNAMotifScan < jgiej STl F e qUery k& A ¥t pattern
A 1345 Lescoute *t 2005 # #73F 4 2 /§J¢[20] »  Lescoute = /§J¢ v
Kink-turn #& #L 4F pattern &2 RNAVIEW #131f% e pattern — & (Figure
3-2a) > X PR &Y 0 P AR ode A L4 MC-Annotate
arirf: (Figure 3-2b) e 2% 72 B g AHIIEACH R IR - B
i A ¥ iz £ B > d 3 RNAMotifScan sk A 4 A 2 Hieeit 5 it &
B - R 7] #77 RNAMotifScan £ 4% & loop % &4 75 12 0 i@

i ¥ A Jdtde & (Figure 3-2¢) » X » P en™ 25 = BB | T
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P et 0 P 2 BB TRAREIVRS - BET A T R
VAN ;o N Blgtant £ F 0 @ 15U kR A ¥ pattern
FAR R EAAP ARG RETARLLHF P IEE RS OEEL

% 4p iz e (Figure 3-2d ) »

(a) (b) (c) (d)
5 ! e ..S. ..., Siiie e e S, - S
—_— G 94 . .. ( ..... ) ......... ( ............
— C WsshWW.WW. . .shhW WsshWW . WW shhW

CCCCCCY) <=y CCCCCEY - ---9)

CAEIGA.BAELXHCCA GGGAGC.GC—-GAAGAAC
CAEIGA.BAELXHCCA GGGAGC.GCGAA-GAAC

(CCCCC-)) --0))) CCC( () - - ))))

WsshWW.WW. . .shhW WsshWW.WW. .. .shhW

80 '

(o]
o

uoaOT O NW
“ééAkl )
HEVARN
o
wu
u o OE—mNWw

Bl

Figure 3-2: Kink-turn % — B % % =t - () query g £ 4 - (b) B
Rl e A ¥ ()2 (D)de A $F 0L & % (a) 2.80-94 7 — 1 trans S-S
e 25t 0 (D) A7 80-95 5 = & trans S-H g A # o (C) 2% 2 crvt $f

%% o (d)RNAMotifScan ¢t $4 % -

Ay BE%d o p TS HE G 04 20 stem g A $22 query
7 1k > RNAMotifScan iE # % query 3& » $i % 7 % » & query stem _}
g 25 ¥ a0 2 Figure 3-3b b g oh il AAEHE B - A o A o AP
7R TG B R EEINA Z BB B A A et 2
AR I RO HINL e A & S0 Henk % Fr {4 (Figure

3-3) -
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(a) (b) (c) (d)

W.shWW.WW...sh..W Ws.shWW.WW. ..sh..hW

) --)) ) (G- CCC-))---)) =)

CAEIGA.BAELXHCC-A GG-GAGC.GCGAAGA——-AC
CAEEIA.AAELXHDFBA GCCGAGG.CCCUAGACAGC

(- CCCC-))-)) ) () --)) =)

W.shWW.WW...sh..W WW.shWW.WW. ..sh..WW

C W S e We.o... Sennnn B Query M Target M Query M Target

Figure 3-3: Kink-turn % = i 2 % ot g o (Q)# e 2 2 5% o
(b) RNAMotifScan et 55 % o (C)# e 2 = B gip v 5% -

(d) RNAMotifScan = s H1- 55 % -

5852 B ANPa 2t % i v RNAMotifScan
e 5l » £ 55 P RS foquery g 4G I R o
RNAMotifScan :Z# % loop ®EIEXF 5 T+ o Am NP 2
FPEE R PO A loop B 2 Bt aadp D0t o T R )
A2 E gk JdF (Figure 3-4 22 Figure 3-5) » 48 & Kink-turn

SR B 0 AP A F SR hE B A D M BT =

(a) (b) (c) (d)
...he oo S...
. R T4 CRPTRTRTRTRE ). ..
SS..SWW.WWs. .. Wsss. .WW.WW..s...hhW
D ) ()
CAE——IGA.BAELXHCCA GGGA-—-GC.GC——GAAGAAC
CAECLIBA.GAELXHGCC GUGGAAGC.GCAGG——AAGC
(CC--CCC)))---))) (- (C-)) =) --)))
Wss. . WAW.WWW. . .hhW WWsS. . WW.WW..S...hWW
Y EE I ). - W Query M Target
B h...

Figure 3-4: Kink-turn % 7 .2 % a0t g o QA P e 2 i $ 8 % o
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(b) RNAMotifScan et 55 % - (C)# e 2 = g g% -

(d) RNAMotifScan = & H- 55 % -

(a) (b) (c) (d)

P T

(CCC-CC-))--)) (CCC-CC-))---))))

CAEI-GA.BAELXHCCA GGGA-GC.GC-GAAGAAC

DAEHDBB . ACBLXECAA CCGAAGC . GCAAU-GUGG

(CCC-CC-)) =) (CCC-(C-))=-+4))))

WWsh.WW.WW. . . shWW WWsh.WW.WW. . . . shWW
R ) ...... B Query M Target M Query M Target
e e S h......

Figure 3-5: Kink-turn % = B 2 % et g o (@) e 2 b % o
(b) RNAMotifScan et 55 % = (C)# i eh™ 2 = B g v 5% -

(d) RNAMotifScan = &1 .55 % -

Sarcin-ricin

Sarcin-ricin $ A AP pEH A H P LL2F 3 RKTIE

g AH I A HY -k PR - BTS Aleng ey G ek (Figure
3-6) - Sarcin-ricin B HHCRE A0 FHFEEY § L u L TS
(elongation factor) ¥ # = & #& :¥4F 4 & {7[25] - = §_Sarcin-ricin %

TR AR end RAF] S U ehet i € X T a-sarcin 2 ricin B 1B % %
shprd[23, 31] - &z B F & ¢ § 1T query i Sarcin-ricin gt 104 %

A H. marismortui 23S rRNA (PDB id: 1JJ2) (Figure 3-6) [16] -
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(a) (b)

)
vl

A O G
{UODA
G
AT A
U < C
g 3

Iy

Figure 3-6: Sarcin-ricin #4548 - (a) query & 88 e A 44T &

B - (b) query it en= B lgHE o

A2 - 2 H 310 B FPR &)/ 001 en% % > &
Bt BREES LS B RMSD % F 2 b £ v hi % RMSD %
A2 = ..“Jx‘.%;.kﬁ_év’ﬂ#g A2 R~ {%® o RNAMotifScan i35 3 7 = &
FPR - 3% 0.01 e/ % o pt b A3 RNAMotifScan == ;F*Je IR
RNAMotifScan 7= ¥ *t 7|8 7 = & FPR % *% 0.01 e/ % » fpt A
g2 BREs pr S5 dmad B (2 isiiiize )
RNAMotifScan - £ 3 13 %% (Table3-2) -

% Table 3-2 # % 11-12-13 i % % £ RNAMotifScan 7 4% 7|~
L AP hs G HF T hEF o 52 B % RMSD sl W i
B oA PHBEZ B AR HOR R F RS B R

g query I 7 p 2 - RNAMotifScan ¢ 325 5= B % 8 4 %% 5

Rl

B F1E_H & A o pattern 22 query % & (Figure 3-7) > & ¥ - &R 7|

WP REF PR BSHAP AT o Ra o APt F AR - @
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;J-,}%_}:‘r 7| é’-_

ER N -

BEHAR R G E o

i 59

iTHE G AL ¥ pattern 4p i > =

Table 3-2: 2\ i e £ 22 RNAMotifScan 4 %] 12 Sarcin-ricin :sﬁ;ﬁ%ﬁ

t 1S72 ¥ R 4P 0L BB B A i %ot e

No. Chain Location Our method RNAMotifScan
RMSD FPR RMSD FPR
1 0 2690-2694/2701-2704 0.029 0.000 0.029 0.000
2 0 1368-1372/2053-2056 0.571 0.000 0.571 0.000
3 0 211-215/225-228 0.594 0.000 0.594 0.000
4 9 76-80/102-105 0.886 0.000 0.886 0.000
5 0 173-177/159-162 0.760 0.000 0.760 0.022 (1)
6 0 461-466/475-478 1.706 0.000 1.706 0.002
7 0 586-590/568-571 0.938 0.000 2.879 0.037 (1)
8 0 356-360/292-295 1.078 0.002 2.814 0.0369 (1)
9 0 380-383/406-408 0.838 0.002 0.838 0.004
10 0 1775-1779/1765-1768 3.595 0.007 3.595 0.020 (1)
11 0 951-955/1012-1016 — — 4.099 0.006
12 0 2090-2094/2651-2654 — — 4.897 0.018 (1)
13 0 1542-1545/1640-1643 — — 3.392 0.037 (1)
e T A AF 8% T, &7 RNAMotifScan = /*J# e

fe FPR #cig &+ 0.01 % o
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(a) (b) (c)

..W...h..
e
((0(-)--)) ((0()-) ((-((-))))
UAGUA.GA-AC UAGUA.GAAC UAGUA.GAAC
AGGUA.AAACU GGGGG. CUAC GG-UC.CAAC
((O(-)--)) ((0()-)) ((-((-))))
WWSHh.s..WW WWSHW.W.WW Ws.wh.shhW
) ol

Figure 3-7: Sarcin-ricin % 1112~13'p v $.55 % &7 = % S 0] - ()~

A 5% 11-12-13 B PZ B2 HR (L B HEE (T )-

AR

BE - BE A BEE S APDD 20 s % RMSD #icE $0E
v RNAMotifScan -] » & W &_ 0.938 & 1.078 o 2\ i3 vt fennid % 1L
RNAMotifScan 4 e/ 51+ & %] 5 &P S HHA P 5 384 Gk A
¥ 7 4p 02 > RNAMotifScan % loop %336 » 7 #& % g 2 0 i 54
TR A A Az o AP R ek AE A AP ivenfiiRT
FI# = s a0 YA O BSR4 ehAp 0242 (Figure 3-8 £ Figure

3-9) -
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Figure 3-9: Sarcin-ricin % ~ B % el o () e 2l g % o

(b) RNAMotifScan st #F5% % - (C)3\ e

(d) RNAMotifScan = s - 55 % -

C-loop

BB SR

C-loop & 2244 internal loop o &2 =4 p > C-loop £ € & ¢

RNA-3-v 5 & & = > # 16S rRNA[3] ~ 23S rRNA[1]27 + 5% & 5 gk

ifip 2 -tRNA & = fis (threonyl-tRNA synthetase ) 5 mRNAS #4-7 #&

2% 5 (5-UTR) [26]7

b

B
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ok 2 S B loop T G oA B e e WA 2 R ik 2 $[19]
(Figure 3-10) - iz @ % © § ¥ query h C-loop Hi A % p E
coli ehgr=fip A& -tRNA & = fis mRNA (PDB id: 1KOG ) (Figure 3-10)

[16] -

)
Y>> wu

(@]

>
wao C
uCcr» C OoCcw

Figure 3-10: C-loop s #1548 - (a) query 1 Hokl g 2 41 X 1) -

(b) query ‘H it en= BlgiE o

A Y H> AP - DT e B FPR 3 0.01 g%

v

RNAMotifScan 537  (Table 3-3) 2 ¢ % - 3% =B S5% » 3

i

Rl

RIPER sk ;‘rs - o BFUAPGs % > RMSD
#c @ v RNAMotifScan - $f ek % o » v e & #1435 (Figure
3-11)- % 7 B2 % > 2 RNAMotifScan * 8 % A chik % » v g 12

A 2L R 2L A B R o
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Table 3-3: # i 27 j2 &2 RNAMotifScan /4 %] 12 C-loop & 1§ Hi-48

1S72 @ H03F 4p 02 S HEHOH A A i 0 g -

No. Chain Location Our method RNAMotifScan
RMSD FPR RMSD FPR
1 0 02760-02764/02716-02722 1.288 0.000 1.288 0.000
2 0 01939-01945/01892-01898 2.813 0.000 2.813 0.000
3 0 01436-01440/01424-01430 1.330 0.000 1.330 0.000
4 9 28-31/49-54 2.582 0.000 4,725 0.008
5 0 01004-01009/0957-0964 2.914 0.152 (%) 1.957 0.000
P A AP 25 5T FPR i@ £ 3 0.01 g & o

(a)

WW.WW.WW. . . WW
(C-(C-))---))
BCXGA . ABKNAAB
BD-AA.BBKF-BB

(C-(C-))---))

WW.WW.WW. . .WW

((-((-))----))

UAUGU.AC-CACUG
CCCGU.ACGGA—-AG

(C-((-))

Can))
WS . WW . WW 57 . Wi

W Query W

Figure 3-11: C-loop % = i 5% &t fie (a) 3% 2 93 2 L ¥ 55 % o (D)
RNAMotifScan vt i % o (C)# 3 2 = g vt #H8 % - (d)

RNAMotifScan = Aéﬁ_ R SR

I B3R5 ori0F I 0P RS 00 & Leontis 3+ 2003 # -+ 3
# 4§ C-loop - fE%3[19] - A& B % 7] C-loop ¢ (Figure
3-12b) > ¢ W ZF 5 Eohloop T 3 4R & v g 5] C-loop (A
B 4rie * eoquery ; Figure 3-10a #2 Figure 3-12a) % 7 — Bk ik o A
% 958-961 % 7

# A et A > %A eh C-loop v i# AL d - i trans

-WC d& 2L % > H & gk A P22 @ 4] - 2 > F)¢ RNAMotifScan 32
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s - B PRSI query B R AP I (Figure 3-13b) - e
AP RS A loop T 5 0 ke Bdg A € 17 loop i %K
TP s R 2 At g ik %t & & (Figure 3-13c £ Figure 3-13c
Sd )e NPT ENEIES BEY £ R E query T A 4p i o Bt ¥
ARt R PAe A s o E S B MO FPRIE R I E R R -
R o ek % RMSD +» RNAMotifScan % =& F]8_A #i & 3% loop

-

4

o

BEf B i Bt g AA P SRR N H W
2 N %t P ¥ J& 4 Bics- 5 9 - e (Figure 3-13a) # 2 2 > 2 #
Yok FET 2 A BH € e 2R H e % T 2 RNAMotifScan

- $ > RMSD #cig ~ ¢ - &

(a) (b)
3 5 ¥ 5
771U — Aogs 1000U — Ags?
C A %.0CG
U ;><(: A A A
C C
A= U A-eC
73U & G1o 100450 = Gos4
5’ 3 ! 3

Figure 3-12: i# 4L3) &

1%
Ak
e

| C-loop[19] - (a) i £2%] C-loop - (b)% 4

C-loop > & loop T3 /& % 38 5 BLgR & v @A) 5 - B A o
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Figure 3-13: C-loop % 7 .52 % et fie o Q) e 2 1L ¥ 2 % - (b)
RNAMotifScan vt 5 % o (C)# e j2 = vt 8 % < (d)

RNAMotifScan = s g4 55 % -

E-loop

E-loop i tica s 2D she i 4 5 & - B %4 internal loop - %
< B F S E S 5S rRNA S F R - AicBF % § T query
£ E-loop & 148 % p E.coli =n5S rRNA (PDB id: 1IPNX) (Figure

3-14) [19] -
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-
s

Figure 3-14: E-loop /& H- 148 © (a) query & H-HCRE chig A ¥ X W) -

(b) query FHtidean= BlgiE -
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AP e - B 32 B FPR #icim Lt 0.01 a9 % o
RNAMotifScan # 35 3]+ % (FPR #cig <+ 0.012) - 4 Table 3-4 #7
FoAPE-FNREEN G A -E5 2B HAWR ISR LR
Rt o Aipd B %P > AP FEHE I %95 RMSD % v
RNAMotifScan &1/ & 14 o i A 4773 = % inz st #1853

7. > RNAMotifScan eni2 %% % ~ B¢k » H 5 chp PS5 i Hio Rl o 2

- =K

query # H 4p iz (Figure 3-15) 28 m » N % > p e i e
¥4 % g8 query x4p iz (Figure 3-16) « i 5 % % % #77%
e 2 4RI i E-loop iBAEE Z] £ B B 0 bk AR B b ih

St s RNAMotifScan f 4% 2

Table 3-4: 2t = j2 &2 RNAMotifScan 4 %] 12 E-loop ‘& #5748 &

1S72 ¢ xSt g » g kv o

. . Our method RNAMotifScan
No. Chain Location RMSD FPR RMSD FPR

1 0 1543-1545/1640-1642 1.071 0 1.071 0.005
2 0 706-708/720-722 0.673 0.001 0.673 0.006
3 0 816-818/795-797 2.241 0.001 - -
4 0 23-25/518-520 2.392 0.001 - -
5 0 1339-1341/1316-1318 2.230 0.004 - -
6 0 2502-2504/2516-2518 2.567 0.009 - -
7 0 174-177/159-161 — — 2.734 0.01
8 0 663-666/680-683 — — 2.919 0.012
9 0 586-590/568-571 — — 3.568 0.012
10 0 356-360/292-295 — — 3.591 0.012
11 0 2691-2694/2701-2703 — — 2.787 0.012
12 0 1369-1372/2053-2055 — — 2.723 0.012
13 0 463-466/475-477 — — 2.633 0.012
14 0 380-383/406-408 — — 2.720 0.012
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Figure 3-16: #\ i =57 E-loop N0.3~6 = é&ﬁﬁ A & g

3.2 # T.thermophilus 30S rRNA ¢ yH % ¢ -loop % #-#-18

a-loop e & ffd RV eh= G Jjg]fj,%u'gJ a | F# - a-loop

- £ N2 ¢~ Bak A loop % 3 (Figure 3-17 ). o -loop

% 23S £ 16S rRNA # # 1 5| » a-loop # 114k % ik B4 < ] =X

HAPPER e & chds Forymt u i PpERL me 5[4,12] - 4

# %P~ COMPADRES[28] #7351 % a-loop # ¥ 2 - § ¥ query

(PDB id % 1JJ2-0 chain i=% 1100-1107) #& ¥ - B A T
thermophilus 30S rRNA * 3¢ -loop -

(a) (b)

Figure 3-17: a-loop #4148 - (a) query & 18 chik A 47 &

B - (b) query BHfit ez By o

RNAMotifScan — £ # 3|5 2 % (Table 3-5)c & s iprr 452
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S x # 4p i (Figure 3-18b) - iz & RNAMotifScan % & iz— 5 %
A Bo§ & PR FIELF] S & p RS DS Bdg A8 query o
w fﬁ&ﬁf&%?%{mamh 7 (Figure 3-18a) - ‘* 42 % = B it F& ¥ & e f
S HHRE 7 5 - Bk A $ 2 query £ match «hA #ic i+ 5 (Figure
3-19a & 3-19b) - Fl i AP 2 sk ppd) loop T & ehgp i
(Figure 3-19a) > #7145y Brgds 000 0 FE ¥ #HT#‘F%%‘;&??

% oo TR BF AT 0 NP 2 e loop BIERE T oak AN

P AP $HECS S RO Y RNAMotifScan i £ 4 2 -

Table 3-5: % i en= 2 &2 CSRNAMotifScan 4 %] 7 a -loop # T.

thermophilus 30S rRNA ¥ 7% 4p 12 ;%f;ﬁﬂg B A ks R b g e

No. Chain Location Our method RNAMotifScan
' RMSD FPR RMSD FPR
1 A 568-574 — — 3.630 0.000
2 A 503-510 1.048 0.000 1.048 0.000
BEirze o, ARG EE
(a) (b)
S....SHs
GUCCCCAA
G—-CGUAAA
S....SHs

B Query W Target

Figure 3-18: RNAMotifScan éh% - B % c (@' H 2% > a8 ¥ i
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- Acchig ZA 8 5 match o (D)t HHE %z BB R o
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Figure 3-19: 2\ i e’ % &2 RNAMotifScan =% = .2 % - (@) P en

L % o loop ® o g A 7 = 2 match - (b) RNAMotifScan et

Higk o (C) " HERDZ BSHER -
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Chapter 4

Conclusions

BipBATY Y 0 g A RNA 2 B = s B T S 2 R
EfEeh- B A ] & F E+ RNAMotifScan shfe ;¢ i3 sc = {1
RNA = 27 = B4 3030 RyRR RNA cnlg 4048 © & 08 > A i engd
Gl s BEom AP e X EE @ P B - b 2 3 2 RNAMotifScan %A
i RNA =*4f§_+3_%é" eN3Y {7 2ae o FR Mo de A < enIntroduction ¢ At
it > RNAMotifScan # @3t 2 ZLfz B 7| ant $pF > $hag A4 (384)
m % U R4 %7 match 22 mismatch @ = > &5 B3 2 U dg A ¥
¥ > ;¢ (4 Figure 1-3 #7 5+ 1 arc-breaking - arc-altering £
arc-removing ) o Fpt > deie AR IR - B '*1!#}%» 7% L g3

SRS TE N AT F S F N R RN

Fra‘g\“’
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