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St AgS S (Terribilini M. et al., Prediction of RNA binding sites in proteins from amino acid
sequence. RNA 2006, 12:1450-1462). w2kl 43485 ttHsh7] A A7 7ol Sdo= =78kaL, RNA-
Wl A28 WA YF(nechanism)& $HH3] el A vk, wEbA, RNA-UHE A s A8 A EEkg
F99 date A5 vAYUSS oldlstar, #ElA okE AAl EokellA A &4 2 AAAE HdEste
O =25 v, FHo oy Wyo] dulHoA RNA AF HHYE dF57] 98 d8FAT. dE 59,
RNABindR W& yolB wo]= EF7](Naive Bayes classifier)E o]&3to] whla oA RNA AF ofr] =
A& o &8t (Terribilini M. et al., RNABindR: a server for analysing and predicting RNA-binding sites
in proteins. Nucleic Acids Research 2007, 35:W578-W584). catRAPID+= ©|x}+Z(secondary structure), 4=
2% (hydrogen bonding) ® Wk "2 ¥tx A (van der Waals interaction) o ¥z 2 RNA ¥x}¢] A
Aeks FA S tH(Bellucci M. et al., Predicting protein associations with long noncoding RNAs. Nature
Methods 2011, 8:444-445). g+, A X E ¥E w2 (support vector machine, SVM)< o]-&3fo] @iz X
/] RNA ZA3gt H95 o =3} (Chen YC. et al., Predicting RNA-binding sites from the protein structure
based on electrostatics and geometry. Nucleic Acids Research 2008, 36:e29, Kumar M. et al., Prediction
of RNA binding sites in a protein using SVM and PSSM profile. Proteins 2008, 71:189-194). “Z37] WHE
< RNA A EollA] il A3t 59071 opd whuld A de 4 RNA A F-HE oAS5sta vk, 3, RNA A
o = AbS oS53 uf, dulde] FE A8 RNAE AEekal A vk, webs], o] thE RNAO Adtste
Ao Tl Agoa Ze A F9E dFsrE g,

Wl o] e 971F dSeks AL RNA AT obuweae o 3ae Ann oy, 1 o
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wal7)7h ) $- o,

B owAEE olf ATl A FA A AY S0l J1kste] st dleledld SR HeoleE A7
= redundancy removal method)< 7N&3}31th(Choi S. and Han K., Prediction of RNA-binding amino
acids from protein and RNA sequences. BIC Bioinformatics 2011, 12(Suppl 13):S7, Choi S. and Han K.,
Predicting protein-binding RNA nucleotides using the feature-based removal of data redundancy and the
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interaction propensity of nucleotide triplets. Computers in Biology and Medicine 2013, 43:1687-1697).
54 7] S5 A7 S AR ol AMSstE AE 7Nk F8E AA WMHEY Sl gla, dE
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(1) RNAS] A &4
(2) RNAS] =44 E4; A

(3) A% Joge] PO A AR BFT 5 dvh

RNAS] AA 57 A RNA A el dleh Arelar, RNAS) 4% 542 RNAY M 7] =5 47] EE
of tigk Arom, A Fuide] 542 RNAY AFH el @A ik Jwelct,

,
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] AAFE TS, Choi and K. Han, Predicting protein-binding RNA nucleotides using the feature-based
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Tk, A7) @A 2)= xd¥ §F WEE Ve R S5 HolElE AASIY g HoJEE A3 9AR,
o]& A+ (Choi S. and Han K. Prediction of RNA-binding amino acids from protein and RNA sequences. BIC
Bioinformatics 2011, 12(Suppl 13):S7, Choi S. and Han K. Predicting protein-binding RNA nucleotides
using the feature-based removal of data redundancy and the interaction propensity of nucleotide
triplets. Computers in Biology and Medicine 2013, 43:1687-1697)& 7]% 2, RNA ¥ thild xde Ex H
He F3Ha, 54 9y 7|9ke] S5 dlolE AlA Wl os T 54 HdHE AAHJTG. ol Uy
of oa F&ol e ME 7t zhzbel 54 WEE A E S vlolEE skt

o it

3, B outgzlEe goltd 7|% ¥<=(radial basis function, RBF) @3} SVME 2ol & & (LIBSVW)E o]
ske] SV RS FHadvh. RBF AU @7 SW BES SHAZ W, gy F 7HA seEvlE gg 24
ofgitt.  mtebnly C= 24 x4 el dial <5 dlolH e eiEFo #dS 9% o, FetvlE g
RBF] #-& vtepdek.  stebnly HAstel ofsf Cob y o HAde] 23s Aesiiar, & WAl 71 =
A= =1, ¥=0.03125% AM&3slo] Adst ZAyfolrt. 3G ulolg oA HAF r)et AF 9] H &9
P& w37 3, A% 47100 49] hEAE FEErd.

HOornorr 2L oo 1R

D e gE4gets vl A% RN 9718 Agstel BuA-RNA A% R9E Agste v

2) RNA Al = A7) o9d A3 RNA 9715 oS535h7] $18], RNA 2 ©heldo] tiekst 545 54 4
(feature vector)® HE&3staL, HIAE HolgHE At dA; 2

Ui 2 A%, ' 2EA 9 254 daggow A" A A f389 A

o AEFE T AHoR el TEE FV]E RNAA weld Ag B2 ERFSISIT
i d & dlo]EjH|o] ~(nucleic acid-protein interaction

FES 58k, GA-RNA B84 NdE E3de).

d2 =W, = 20] Yebd vle} o] 310X RNA AFE BellA 7709 9471(U139, A140, A148, G149, G150, U151

2 (C163)E 4 A% FE48S S ody Fdszgsta, 67019 9A7]1(A140, €141, G149, G150, G162 ¥
Aled)= & B3X 58S B8 adan Jazgstm, 2719 97](A140 ¥ Al48)+= 254 Hs4E8s §
& ghaAy A5 Agsitl, o]gdk Al JHA 382 AEA8-S RNA AME Boll HEete]l YERATH(E 2).

obgd, A7 @A 3)E HZE HolHE HF9 HEE AE3te] Hriste] Aozg @uds nEe o
A% RNA Q715 dSete 9AR, «odF Bde 452 584 5 WA 84 109 URE(s
Eo|%=(specificity, Sp), A3 =(accuraacy, Acc), ¥Ad==(positive predictive value, PPV), 24 d =%
(negative predictive value, NPV) 2 w5 A4 Al5(Matthews correlation coefficient, MCC)9] 67FA1=
#HArretE ek, v WA, #ZE YA (true positive, TP)S AZE A7|2 =8 A F7], Fd 24
(true negative, TN) w43 A7|2 oFH HZAF d7], AA FAd(false positive, FP)> A3} G772 o
SH HZ2 7] 2 AA S (false negative, FN)2 HIZAF 7= o5€ A% €715 Hepdt.

ensitivity, Sn),
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#2914 9
03 6] 21 = IN
= -
TN+FN
7814 10

o5 dddA A=

(TP X TN)-(FP X FN)
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Vv (TP+FP)(TP+FN)(TN+FP)(TN-+FN)
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e dEE wAE @7)sh v

S8 A% Avlsh AFoR dSHE BE Qe vgeln, S4dSEE &
Agom dHt BE QU9 dgeln, WEF gudA Are AAds €3 BF Aol dewAs
Uebilel, 131 1 Alele] A4 JRRIEh 18 AAlsh A3 Aolsl § BUAS ehia, AE Qg el

W, 08 SAE ool oS b,

H
2
1-r1
kﬂ
jur]
=
o
N
s
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au)
Z
)
=
=
=
it
%
2

= + PDB(protein data bank)olX E5E =], 2013d 9€9& 7|+

o7 Y& Uﬂ, X-A ﬁxqﬂ(x—ray crystallography)ol 2l&] 3.0 A & I o9 AHEE zte TX27F 93

e -RNA ESHA] Fol A, 668709 Wl E-RNA EIHA] Fx dlolHEe] £HFEAN, % dolHE F+AE)

7] 93] 668719] TWMA-RNA EA|A 7o) F8] dFE(SF 2%)7F Tl ﬁ?}c}% R RNA(ribosomal

RNA)E XEgel= E3AE Al ASEe], 542719 @ ZA-RNA H&dA|Eo] FART. 5427012 I A-RNA EFA =
25E 439719 RNA A3} 37671 @A Mdm 4 546719 T A-RNA MG s FE5HIT.

w3k T 2 HEE bolH Aleld S Fol7] fd, tE Ay 80% e 1 olske] fAME THAE
RNA M &S AMEsta, A7) RNA ME R H2E HolHE A Y. HXE dole & 155712 RNA A3} RNA
Aqdel Az A8 AdH(interacting patner)Sl 130719 ©hwhd M AL ¥ 3bslar, YA 284719 RNA A&}

\}
g
()]
=
o
e}
=
i)
x
e

& % HelEE FAsk AHES(E 1)

B orwAgEe Mug fste], T e 4% mue g4sgla, 22 M L e s, NS R g
wud A9 F b RE ARgSHE dF Rdoln, M2E R M9WE AHgsE oS Rt

M RS A 9% B2E deleE 155709 RVA Gl 1,848/ Bd-AF 47 % 4,63109] W

B 1S w2 wae 1790 AT o 2 423709 AT S g, ol ohe

S e e RNA Y AR R FRHRE, ASe Aol RErh. E=R, NS A S ol

= 2,716709) dwA-Ag 97] 2 6,432709) v|ZA¥ @v|E EEsta, M2& 2,18970¢ o éﬂé?} 471 %
z) = e}

h= |
4,58870¢] A% 7S =z Ml Z M2E EU3 RNA AIERE FEHJAOU, MIS
7FEQl Aoz s M2xTh At e v ZAjt 9718 9 Esghelit

= 2] WS olgete], T g AvIRe 100 wAF ASelM 7 REe] s #Rld A, §]
3 Lol dEpd wpe} o], = 7pA] Bl R 33709 94719 fmgolA g des Btk ML 2Rl RNA
gt dd Mg mEE ARl WIZHEE 86.5%, SOl% 86.2%, HEEE 86.3%, YA AFEE 72.6%, 4
Sz 93.8% R FlE FHEA A= 0.695 HERIRITE. E9, M2 B2 RNA ARt ARgSte], WIZkE
T 85.7%, 5ol 80.5%, AEi= 82.2%, FAAFEE 67.7%, NS5 EE 92.2% 2 wF A¥IA AsE
0.63< WEFHATHGE 1).
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¥ 1
Ml M2
ws  Sn Sp  Acc PPV NPV Sn Sp  Ace PPV NPV
% ) ) % ) MC o o @ M
3 923 440 614 482 091.0 0.38 99.8 1.9 39.7 39.0 950 0.08
5 90.1 726 77.8 584 945 0.58 87.1 539 64.7 478 89.7 0.39
7 902 769 808 620 949 0.62 86.2 60.0 684 505 90.2 043
9 904 795 827 649 0952 0.65 872 62.6 70.5 525 912 047
11 899 814 839 67.1 950 0.67 87.8 657 72.8 550 919 0.50
13 89.8 825 847 684 0950 0.68 87.8 689 75.0 573 922 0.53
15 89.0 824 844 68.1 947 0.67 87.1 713 764 59.1 92.1 0.55
17 89.3 833 851 693 948 0.68 88.3 724 77.5 604 928 0.57
19 87.8 84.1 852 699 0942 0.68 88.3 73.8 785 61.6 93.0 0.58
21 88.1 842 853 70.1 944 0.68 88.0 75.0 79.2 62.6 929 0.59
23 87.5 851 858 712 942 0.69 87.1 76.1 79.7 63.5 925 0.59
25 86.3 852 855 71.1 93.7 0.68 87.0 772 804 64.6 92.6 0.61
27 86.2 854 857 714 93.6 0.68 86.7 784 81.1 65.7 925 0.62
20 86.0 859 859 719 093.6 0.69 864 78.8 812 66.0 924 0.62
31 86.1 86.0 86.0 722 0936 0.69 85,6 799 81.8 67.0 92.1 0.62
33 86.5 86.2 863 72.6 938 0.69 85.7 80.5 822 67.7 922 0.63
35 859 86.3 86.2 727 935 0.69 85.3 80.5 82.0 67.7 919 0.63
37 85.1 864 86.0 726 932 0.69 848 814 825 68.6 91.8 0.63
39 855 86.4 86.1 727 933 0.69 846 814 824 686 91.6 0.63
41 848 86.5 86.0 728 93.0 0.69 845 819 827 69.1 91.6 0.63
43 85.1 86.7 86.2 73.1 932 0.69 83.5 823 827 693 912 0.63
45 85.0 86.8 86.3 733 932 0.69 83.7 82.1 826 69.1 913 0.63
uth Qe BhE e, wHe) S5l AgEA ge SYH HolH S BAE HAET A, #) X
2o Uhebdl vhsh o], 33719] @] AmSolA RNASH BUA A BEE ALSE 9ol NEE 58.8%,
Eols 87.4%, ATEE 79.2%, YAASEE 65.1%, SAASEE 84.20 L viF FTIA A4 0.488
BRI, RNA M Ewhs ARESE Afole WFEE 67.7%, S5ol=E 78.8%, BIEE 75.5%, FHASZEE
57.6%, S4d5EE 85.2% 2 vlF ATIA AFE 0.4558 JERNATHE 2)
¥x 2
M1 M2
Ws  Sn Sp Acc PPV NPV Sn Sp Acc PPV NPV
@) %) (%) (%) (&) N ) ) ) ) ) M
3 927 205 475 344 91.0 0.24 08.8 4.7 327 30.5 90.1 0.09
5 814 58.0 647 43.6 88.7 0.36 77.8 528 60.2 41.1 849 0.28
7 80.7 62.6 67.8 46.3 89.1 0.39 76.3 575 63.1 432 852 0.31
9 81.0 662 704 489 89.7 0.43 76.3 59.0 642 441 854 0.32
11 81.1 689 724 51.0 90.1 0.45 77.3 620 66.6 46.3 86.6 0.36
13 788 703 727 514 893 0.45 79.3 63.8 68.5 482 879 0.39
15 772 729 741 53.1 889 0.46 77.3 652 68.8 485 872 0.39
17 73.5 758 75.1 548 87.8 0.46 77.3 67.1 70.1 499 87.5 041
19 70.6 784 76.2 56.6 87.0 0.46 755 69.2 71.1 51.0 87.0 041
21 68.8 802 77.0 582 86.6 047 747 70.8 72.0 52.0 86.8 0.42
23 67.2 816 775 593 862 047 726 734 732 536 864 043
25 656 828 779 604 858 047 69.3 754 736 544 853 042
27 635 841 782 615 852 047 684 76.5 741 552 851 043
20 61.6 855 787 629 848 047 682 773 746 56.0 851 043
31 60.8 86.5 792 643 84.7 0.48 68.0 78.0 75.0 56.7 852 044
33 588 874 792 65.1 842 0.48 67.7 788 75.5 57.6 852 0.45
35 57.6 88.0 793 65.6 839 0.47 668 79.7 759 583 850 045
37 56.8 884 794 66.1 83.7 0.47 65.7 80.6 76.1 589 847 0.45
39 548 887 79.0 66.0 83.1 0.46 65.1 810 76.3 592 845 045
41 547 889 79.1 66.2 83.1 046 643 815 764 595 843 045
43 543 89.0 79.1 66.3 83.0 0.46 63.3 82.0 764 598 84.0 0.45
45 542 889 790 66.2 829 046 62.7 82.1 764 598 839 044
WA AFH HPA HAE F elA gadsh VA A HelEE BT AL N1 2O RA 4D dloly
G A 2 Bl o G A5 NS ok R AT HEUC 8 4} Aus) SR nele
o & 4% 337 @719 dESdA] T oS BRde] 21z 22 5 (Receiver operating characteristic,
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EH3
Target nucleotide n; in a RNA sequence Interacting partner
— n; triplet — protein sequence
I |n;.3[ Ni2 ni.1| n; [nm ni+2[ni+3| I I I q laqu ]

fe——— window size 7 ——— |

Global features of RNA Local features of RNA Partner features
(5 elements) (22x7+64=218 elements) (420 elements)

| L ]C_A[C_C|C_G|C_U| M |pKa| IP |“ng| NP DC
-1 4 [ |«1>|=1>=20~ [«=—20—»<400—+

M [pKa| P[]

[«1->|<1-»|«20>|

64—

I~ Feature vector for n; with 643 feature elements —————»
(window size=7)

EHY
ROC curve of two models (10-fold cross validation)
1 T T T T T T T
M1 (AUC = 0.91465)
09F i
08 M2 (AUC = 0.84926) i
07F .

o
(22}
T
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True Positive Rate
o o o o
N w = (8]
- -
L 1

o
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T
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01 0.2 03 0.4 05 06 07 08 09 1
False Positive Rate

o

o
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® — True Positive

@ — True Negative
@ — False Positive
@ — False Negative
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