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MORS Z & TRMEINIZ, NS TERET 2E®RS T
(77 2<—) WRABENICRHING. &7 RNICE
ORI T A7) — RIS ) Ly — v — (Next
Generation Sequencer: NGS) TEiAHS Z & T, KED
T 7R — Al OS2 55 Z L TE S,

MBS0+ ociEsn-gigs 1779 —%, NGS
TRt I 13 5 NIl 2 &, 7 7 &~ — DK % H#E
ETBHIENTES. UL, BTN T X TOMBAMR
FIDEER S TG LT W abiF Ty, Ela iz k
LERPAMNT, PCR N1 T A [8], [9] R LD
FAEICED, RS NIRRT IWFET S, DD,
BAHEC S AR 73 71259 B R WRE & ) & e SR AR &
ALTWB 0% FERIICFHET 20 E»H 5 (K1 (iv)).
—7}iT, NGS THtAN - 72 KEO BT X T % EER
PIZEHIS 2 2 L IEBFER TRV, 20720, FET 5
lid3 % 2 5 A2 —{tL, ZORKEF % T 723 —DEHE
g &4 2 B8R D 5.

SELEX Mmoo Nz KEDIS| T —X% 27 5 AR
V7% B BEFETFIEIZ, FASTAptamer [10] X AptaCluster
[11], APTANI [12] #*% %. FASTAptamer, AptaCluster,
APTANI %, Z1vZ 1 Levenshtein Distance (LD) , &FT
PSRN v ¥ 2 (Locality Sensitive Hashing: LSH) &
k-mer $EBLE, < IVFTNT T4 A b [13] IZEDWN
TI ARV I %7, WHE, 7723 —IF, fHEicH
59 5B MAES (EF—7) &b, END T L8
HBLTWEED, EF—7IZHINWTI TARY V7 %AT
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AQ NN

Z 2T, AWTI, SELEX #EIZEWT NGS TriAil-
= KB DOBERELS 2 SE P DIEMIZT T2 —D R
RS % IR T 5720, FFIOFELETIERL, EF—7
EHEBULFZRI AR VI RERRET 5. KET
iEHZBELT, KELEEIBTREFEOAEMMEE
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Dl 2R URRSEF—T2METL, EF—T7 2B L
WRHIRIZ I T AR V7 %4 D HECOWTHAT 5.
21 TlE, AIT7DEHTHEL LS, FHEDHNIES] %
HUEAM PR T 2RO R AEEZHINT 5. 2.2 T,
EF—TEWETIROBIELREMHE Z AT %2%E
£95. 23T, ZAaAT7%2BLIT, BE Lpin 75 bnae
DB 2R UEBRSEF—T2MEEL, EF—T %
HLIZTTARY VT EITDIFRIZOVTHHET 5.
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MTHDET L. BEXFOHBIEERZ po(c) (ce Q) &7
e, RE | OBFID m THEMER Q(m) 1, UFORX
THES.
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7, m NCTHOCEBELTWAXFHOELE T &
5. m D “ATATA” THB L &, T = {AATA} &
5. m NCTHCEHEBELTWS XTI t € T &,
m[1],m[1..2],...,m[l.l —1] DVWTNLDLFHTH 5.
t| % t DEXLTRHLE, BX |t| OESIN t TH DR
q(t) 1F, AROARTRT I A TES.
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2.1.1 ZHEH m ICBEEEN,M RV EE

FX | 08585 m \CHCEET L XFRRne &,
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<)
<L)
(3)
P,(m,L) 1%, BT L—1 OEHINIZEBIEIS] m AAHEELT
R Py(m, L—1) &, s[L—1+1..L] 23 m 5D s[1..L—I]
om BB U ZRWIER Q(m)[1 — Pu(m, L —1)] £ DRI
kokFEs. H2((a) (1) TRTLIZ, EXL-1 0/
PIORES%E LItMET2Y, s[L—1+1.L #m ChHdH
ROFTZHET B, s[L—1+1..L) 1T m PFAET 5HRD
WeRZFHETZ L, s[1.L -] B2 XFREETHS
728, TLS Secapo(e) - TTj—y po(mlj]) = 1-Q(m) = Q(m)
7%, LirL, ZORROMERDS B, s[1.L—1] 1T m
PEETHHEL (X2 (a) (2) ORI P,(m,L—1) T
FHELTWS72, s[L—1+1.L] " m »D s[l..L—1] T
m DFAET 2 FROMER Q(m)Py(m, L — 1) &5 < BEH
Hbd. Lizdio>T, W05 m IZHIERT 5 XFHH
mWE E, BF] s 12 m BHBT BRI, K (3) TR
ns.
2.1.2 EHEI m ICBECEEI’HDI L E
IS m ICHOEET 2 XFHNH DL &, Bl s 2

{0 (L
Pa(m,L— 1)+ Q(m)[1 — Pa(m,L —1)] (I
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(a) Without self-overlapping.

(1) Probability of the sequence that has subsequence m from L — [ + 1 to L.
| L |

L—1 N [

4 S[L=1]js[L—1+1] s[L]
1 Q(m)

(2) Probability of the sequence that has subsequence m both from 1to L —
and from L — [ + 1to L.
| L-1 " !

f
0

Pu(m,L—1) Q(m)

(b) With self-overlapping

(1) Probability of the sequence that has subsequence m from L — [ + 1to L.
N L )

L -1 " l

%

| 1 |
T o]

(2-1) Probability of the sequence that has subsequence m both
fromlto L — [ and from L — [ + 1to L.

k L-! 1k L
A
Pu(m L 1) Q(m)

(2-2) Probability of the sequence that has subsequence m from L — 21 + |t| + 1
to L — L + |t| and has m[[t|+1..l) from L — [ + |t| + 1to L.

L—1+t L=t
7 /V
g4
s(1] s[2] s[4] s[5] s[f s[L—1 s[L]
| |fH~l +[¢]] M |
Pu(m,L—1+t]) — Pu(m,L—1+|t|-1) Q(m)/q(t)

: Any single character ¢ € Q

: A subsequence m : A self-overlapping string of m: ¢

2 ikt (X (3), (4)) DFA
Fig. 2 Illustration of recurrence formulas Eq. (3) and Eq. (4).

m BT 2R P,(m, L) 1%, UTOMi{tRTERINS.

P,(m,L) =
0 (L <)
P,(m,L—1)+ Q(m)[1 — P,(m,L —1)]
~ Yrer D [Pa(m, L— 1+ [t))
—P,(m,L—1+[t| —1)] (1<L)
(4)

X (3) LFBkIZ, BE L—1 OFFIMIZEB B m H3 S
BH% Py(m, L—1) &, s[L—1+1..L] % m HD s[1..L—I] iZ
m DB LU RWHER Q(m)[1— Py (m, L-1)] ZIHIZET. N
ZTC, K2 (b) (2-2) TR T & SIZ, s[L—20+|t|+1..L—1+]t[]
om D, s[L—1+|t|+1.L] »* mljt| +1.]] TH3
HRLOMERIE, P,(m,L —1) TRHELTWE7®, Z
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SIL— 1+ [t| + 1.L] 75 m[lt| + 1.I] THEHED >,
X S[LL— L+ [t RS m AHEBT ek S,
S[L.L — 0+ |t — 1] I ERAEH m AT 5 Mk 2310 7
Q(m)/q(t)[Pa(m, L =1+ [t]) = Po(m, L — 1 +[t| - 1)] T
T EMTES. 7o, ARSI m Ik, HOEET X
RIS B AR BRI B L, Py(m, L) R (4)
TEIND.

2.2 ZAT7DEH

fid%] 5 — 2 N THEBIZEHN A ESID, €EF—7Th
LLWMETA-ODHEEEZTET 5. SELEX ATlE
KR 1126 U CIREE DO ARHIRRA R Z 5720 “,MB
Tin AW - 7= BAEMIII ORI NRRDZZ e hdb. Z0
X957, BHT— XWICER B EXOEFINE ihé &
EHEBUT, AT =X S ={s1,52,--,89} CBT D
AELF] m % EDESI O HBER Py(m, S) %, U\—F@Ji
LokDds.

S|

::VC“, |Sz‘ tiﬁﬂﬁﬂ S; O)Eé %fcljéj— ﬁhn‘l’% Z A7
Z(m,S) % Py(m,S) ZHWT, MTORICL0EHT 5.

Pd(m S

Z(m, 5) = 18~ Tl 5) 6
(m, 8) = \/Pd(m S)[1—Pg(m,5)] (6)

[S]
ZZ T, F, ZHAEY m 2E&5LEA OB E £,

2.3 BEBISRYYVITFER
2.3.1 EF—TOHE

flF1 7 — X BN DTS 2 R L, Z AaT7 2L
WWEF—T%2MET L. EF—7OHERITIHNT, EXFE
DHBIHELR 2 HEE T 5. BHIT — & S = {s1,52,--, 55/}
NEZoNEE &, il s; DEXZ |5, s; KHEENDH
XFDE% n§ (ce Q) LT, EXFOHBIHEREZLLTD
NZkOHEET 5.

ISI ¢

CIOEDY % (7)

B XF D HBIMERDHEENE po(c) 2 Z 237 DRI
W3, ZhiZ& b, AT —X2RIZBIF 2 XFDOED
b %EBETEIENTES.

EF—TOHEE, BLTFD (i) ~ (v) DBz X 0TS,
EX Lnin 75 lpae \CH70, WS Z 1 73 D
Ebf,@E%%@%ﬁ%ﬂ®zx:7%mﬁﬁé:a
T, BET WIS OB EHIK L 2205 EF — 7 & #fEE
T5.

() B Lyin DTRTOESESNZH LT, ThEh Z
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AATRFETSH. Z AATH0 L h RKEWEDES
EEF—T LT 5.

(ii) 1 4 lpin £ 5.

(iii) #HELZEF — 712 Q DILED 1 XFEMMUL Tl
EU, MEUARAWAND Z 237 251535, Z
AATH, MEAID Z A3 7 L0 HKEWESES
EEF—T7 LT 5.

(V) L+ 1> ey DEE, TEF—TDHEEKTT 5.

(v) 1< 1+12LT (iii) ITR5.

Algorithm 1 Procedure for motifs estimation

Require: Sequence data: S = {s1,s2, -, 5|5/};
A character set: €;
Subsequences: M = [m1,ma2, -, M|qimin];

The minimum/maximum length of subsequences: lmin, lmaz;
Ensure: The estimated motifs: M’';
for i = 1 to |[Q2|'in do
z + Z(m;, S)
if z > 0 then
Add m; to the end of the array M*
Add z to the end of the array Z
end if
end for
M + M*
Add elements of M* to M’
Remove all elements of M*
I < lmin
while | + 1 < ;4. do
for c € Q do
for i =1 to |M| do
m < a string concatenated ¢ with the i-th element of
M
z < Z(m,S)
if z; < z then
// zi is the i-th element of Z
Add m to the end of the array M*
Add z to the end of the array Z*
end if
end for
end for
M <+ M*, Add elements of M* to M’
Z «— Z*
Remove all elements of M* and Z*
l+1+1
end while

2.3.2 I5R9YvY
WELEF—T72B LB T—RDITAR) VT
2175, BEEXWELRIZEF—TD Z A7 2T 5728
2, EF—7m ® Z Aa7E2UTFTORXL D EHITS.
Z(m’,S) - ﬂlm’\

Tlm|

zZ*(m',S) = (8)
ZIZT, | &k m ORE, fijp & G &, R W/
DEF—TD Z AIAT7DOFH L EHFEL T, TEF—
T% Z*(m/,S) IZ X D EIHIZEEFIL, EF—T7 %D &IThL
WeEISAXD)VITTEH, BEF—7I12H W7 2%Y
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VI DM E L TITRT.

() i+1&75.

(i) i ZBHOEF—T7% 7 FAR—Y—NEL UTERT 5.
BT =205 i ZEAOEF—7 %263 50451 %
HU, i BHOIZ S AX—12&d5. 22T, i ZH
DEF—7 %2 EGCRIIVFHELRVWEE, 7T ALK
VI ERKTT A, BHT— X h S U B D
Br<.

(iii)i<i+1 &ULT (2 ITR5.

Algorithm 2 Procedure for clustering

Require: Unique sequences of sequence data S sorted by fre-
quency in descending order: S’;
The motifs sorted by Z*(m’,S) in descending order: M";
Ensure: The clusters C = {C1,C5s,...};
141
while |S’| > 0 and M" has the i-th element do
for j =1 to |S’| do
if m{' in s then
// m is the i-th element of M"
// s} is the j-th element of S’
Add s to the cluster C;
else
Add s to the array S”
end if
end for
i—1+1
S’ + S”, Remove all elements of S”

end while

3. EBR-FER

b b ES Mg H1 #kZ#£K e LT, SELEX k% 5 77
VNETH R TR ONES T — X [14] ZHWT, B
FFRELREFEORE LEEZFMT 5. AEBRTHY
7214 ®5 Iy RHOT—XIF, EBRWIZHEEGT ST
EMERI NS L FEE LW D & DR S - lids %
& 15,327,604 DT =R 057D, TD 55 —FRHE4
1% 4,381,160 AFMES 5. EBRTHWLEHREEIE, OS »
Ubuntu 16.04 (Xenial Xerus) 64 bit T, CPU %* Intel(R)
Xenon(R) CPU E5-1650v4@3.60Ghz, A€ Y » 64 GB T
Hb. Ei#EITOE, FASTAptamer-Cluster (25175 LD
DOHfEIX, FASTAptamer D1 —¥H A1 NiZfit\Wwd=7 &
5. APTANI i, 5O HBBEEIC KD T 1 L&
Yy IHREER VT, BSIORES 2T — XIZ#E L - EIC
E3 5. AptaCluster 1%, BEEDEREZANWS. 7z, 12
FFHEIZBOTE, Lnin =5 lnes = 10 &3 5.

3.1 NIERER

HESEE f (> 1,10,100) T7 4 V&Y > 27 U785 —
ZEAWT, BEFELREFHEONMEE 2 KT 5.
BB © 1%, BT — X AR UEAIAEE L THEET
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R 1 RRDBREIDT—XIINT 2ETHEOILHIIFRE

Table 1 Processing time of each method for different data size.

Method All sequences  Sequences (> 10)  Sequences (> 100)
FASTAptamer DNF! 15h51m6s 17mb57s
AptaCluster Tmb3s 1m30s 46s
APTANI DNF? 32m52s 1m47s
Ours 4h50m8s 9mlls 35s

1 FASTAptamer did not finish the process in 7 days with all sequences.

2 APTANI exited with an error message after the prediction of secondary

structure which took 25 hours.

R ERT. BEHEE f > 10 OKEEAS] I 8,799,219 fH#
ThbH, TDI>H—ERHFIL 156,587 [ TH 5. HILH
E f > 100 OEIEEFIX 4,947,522 A TH D, TDH>H—
BEREHNE 6,193 ATH 5. BFETE L RETEO MM
% &®1IRT. f>100 TTANRYV VT LT —&
R LTI, IRETEOMEERED 35 BCid Eh o 7.
f210T74N0R) YT LT —RIIR LT, B
% AptaCluster 2% 1 73 30 e mb <, BEFEN 9 &
11 Be 2 ZBHIZEDP 72, &7 —XIZ L TU#E %2175
7= & &, FASTAptamer-Cluster &, 7 HU EFHE L THMK
THT, APTANI 3T 5 —#%24 U7, RETEO NI
M 4 K 50 4 8 M TH o 72, BETEIZ, BETED
T2 BEICEBIZUET S Z L TE, KEORST—
R UTHMIEZITD Z N TE.

3.2 BE

HIEHBEE f> 10 T7 4 V&Y VI URESIT — &Iz
LT, BMEFHRLBEETFHEICIIODIIZAZ) VI R2TW,
BT e dT s EEaGLRVWESIOZ I AKX
VIRERMNS, JIAR)VIOBEELKTS. 75
2R VIRERE R 21TRF. £ 2 0HEHBEIK, EHS
TLHREETE - LRVIEDERINTWBESIE, T—
AN 2 HBBEONEL, WMBBEE, ERS 78
BT ENED, FEFIEICB L7 7 AR —DJEMI R X
NTWwWb. ZIT, 77 AX—)EA (ranking) &, &2 F
AZ—=IZH U T EMDOEDNSIHIZE D Y TEHESTDH
5. F7-, AptaCluster & APTANI |23 5 AIFEIMAN D
“Freq.” - “Div.” 1%, 27 I AX—IZ& N A O HBEHE
- BLA DL RRME (—RRESIOB) IT&>TI I AKX~
EfALZRE L2 2 KRS, 77 AXV VY IRERIZE W
T, EiD2 I AR —IZEENIWANT TR < —DE#
fig%l & UCEIRE N 5. FASTAptamer-Cluster 13454
5Hii5% 6 FHLAKE, AptaCluster (Freq.) & 7 % HEARE,
AptaCluster (Div.) & 5 #&HEAKE, APTANI (Freq.) I
7 BELBE, APTANI (Div.) & 870 & HAMOEHD »
TAR—IZHFELTWED, REFKIE, 1 FHE 5 FH
DI T ARX—IZHFHL TW5b,. FASTAptamer-Cluster *°,
AptaCluster, APTANI &7 — X A CTHEBEEO RS &V
fidsl%z 2 FBHLA LD EAID 27 T AR —IZHFEL TWB D,
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NN TITRE L wWids Th 5. REFIHER, Z
D% 26 HEHDZ I AR —IZHEL, #HET 505 %
ELUVIAR—KDBTMNDITAR—IZHFHLTWS.
U7zido T, BEFRIL, BREFELD S EMICERS T
LHEAT D A LBRWVWES 2 HTETWDH LW 5.

£/, ZOEED LITEE U W FIED G B
F#M: (Receiver Operating Characteristic: ROC) Hii## & il
# FHIM (Area Under the Curve: AUC) % B 3 IZ/:R9.
ZZT, Ay bAZMEROMEA - & H REWIEHMZ S
DU ITAR—ITEFIR I N T WS I L%, ThEh
Btk (positive) - BEME (negative) & § 5. 7=, G
IR - BB MBI NG L &, ThZThEBE (True
Positive: TP) - {5 (False Positive: FP) & L, #5&L
BROEFID G - Bk HEiE NG & &, FnE NGk
(False Negative: FN) - EF2M¥: (True Negative: TN) &¢
5. ZorE, EGM#E (True Positive Rate: TPR) & 4%
FitE= (False Positive Rate: FPR) 3 ZNZNIUTDOAT
kdons.

TP FP
v TR Fpa TN ®)
ROC ik, #thhiz ZPmtk®R (TPR), BN AEMER
(FPR) 22 b, Zy ATz LB EL I L THRLOND
AR TH D, AUC A 1 ISEWIEE, KEP &V, M3 &
D, MEFIED AUCIE, 1 THY, BFEFIELD S @
EThHot. Db&Y, REFEEMNNS L THRENPD
EREICT TR —DEERSI 2 HET 5 LN TE 5.

4. FE& o - SEDEE

AFiTlk, SELEX £ 6/ 5N b KEOKBE ST —
RIIZWHTDEERTTARY) VI FERRELE. B30
HOWEF—TIPoBRL, #HEINEZEF—T72MELR
NOoBREITI L THERDEF — 7 2 EEICHERL,
WEINEZEF— T2 EDMFIFE LT FIAR—%2VET
DFREERBE L. FEEHMsEERZE L T, HE L HEIC
B AREFHEOEMMERAR L. 5%1%, fioFv VR
DF =%, EHLFDRLE SELEX iEh 5455 izl
|7 —X&2HWT, VEREFHMEEREZITS FETHS.

TPR =

ZE X
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Table 2 Cluster ranking for binding/non-binding sequences.

Sequence information Cluster ranking
Sequence Ranking Frequency Binding | FASTAptamer AptaCluster (Freq.) AptaCluster (Div.) APTANI (Freq.) APTANI (Div.) Ours
aggaggggGACTTaggactgggtttaggg 6 92237 Yes 6 7 5 7 870 5
agggTATGGACTTCgacgtctcggetgaa 24 20057 Yes 15 17 15 15 699 1
cgcacaggaaggTATGGACTTCgacgttt 63 8750 Yes 24 64 65 58 290 1
ggTATGGACTTCgacgtcttctgacctaa 82 6753 Yes 15 81 72 68 2188 1
gaaaTATGGACTTCgatacgccggetgag 255 1483 Yes 60 229 112740 102 6262 1
agtatctatccGACTTggatttacgttcg 8459 84 Yes 546 9921 28056 1993 6262 5
tatccGACTTggatggctgagcaaggeta 100914 15 Yes 731 94490 125262 2038 6262 5
aggagggeGACTTaggactgggtttatgal 281478 4 Yes NA NA NA NA NA NA
gcaggtgtggtttgetgaggTGGGCCctg 1 583447 No 1 1 2 1 125 26
tttggtttgctgTATGGtgggetctgtta 8 70095 No 7 8 10 8 9162 16
gtgageggtgAGGACaggttagegtggtgg 10 51669 No 9 11 9 16 9162 54
getgaggcgGACGTatcttttagcaaatce 12 45038 No 10 12 13 13 520 41
tcgettgaacggggaactactccaGACGT 23 20380 No 14 21 23 45 2270 41
gTGGGCgcacttagacggggtgatcgtaa 375 831 No 75 335 76783 387 1739 37
ACTTAtttgtcttaagtggegggtcaatg 398 771 No 78 238 556 460 2188 47
gegtccCTTCGgggtgacgatggtatcta 520 504 No 107 466 120874 1758 2253 11
ggtGTGGGgagggtcgtattgtgtectgt 3847 126 No 388 4568 59849 92 1 66
cttatttgtgtttagtggecgggcGTTIGE 29324 41 No 50 539 110 44 323 92
ctatttgTTCTAgtggcggtcatctaagg 44000 31 No 50 9134 4859 2043 2253 88

Underlined capital letters represent estimated motifs.

! This sequence was filtered due to the frequency is less than the cutoff.

2 These cluster rankings are just tied, those sequences are not grouped in the same cluster.
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