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ELAN MR IPEEr LERSEEARERORE . BELM XREE—RIUTARAERL
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MONTE AR A 200 B KX LRI LI P 7T LA LIRS BRI 8., AT DU R AE R S LRI, AT
RE S (e 08 R R IR A S A T

BT BRI P B A EE MR S, HEX BRI 1200 8, DRl 1 — S R ik 17
FEIXLETTVES, Motif-X J79% B} AT Motif-X #9773 B9 #RHAT 1 500 510 1) S ARSZ 48 W IR A 5
F#; MoDL 7534 [ S Nt KA BERR AL 5 P O A B2 R 2% SR BRIR AL L . (H DA VE AR AN RERS
TRAUFSZH8 25 SR 0 5e 8. 9 T A pex /S 1)/, Motif-ALL J5i% OS2 ] 17 Apriori 509 M R EIFTA 4t
THEFERBRIE . R Motif-ALL J5VERE W8 ORAEBERR LI PP 1) 58 B, (EAE TI248 B RO B IR b 5
Fe P S AFAE VR 2 TUAR, B — OB (S P 1) S5 25 R F e A 728 5 R 2 35 M3 Y. C-Mootif 777 (12
BT A B EOR X2 B BRI A PP 34T VAN, AT RENE 5 BRIVE 2 TRy, Bkt s
FFrE— R HABERRACIE Fr . i B3R U5 A St 2 EE B RS 36 R H 20 B I BRI AL 3 1 1
FRYE, M2 SBUZ AR b 2 AFE—F BB P SE R

BRI RS BRI T — A AR TT %, DSP 759 I8 R bn e B e i s 8] T
BRER AL I PPAS b, JRIE — RPN SEIER] 1207 kT DL L BV 2RI PR A R BRSO T, &
et Il I E AR T K B AR A A R AT BURS R T AT R A TTAT . IR SERR R, o0 A1
I H A BRI AD TR

T BHAIBELE, ARk BB TNEAAE 3 DNER. F—, R pvalue ATHEN 0; 2,
RPSTZFAT 53 0 R — BEER AL SE 7 (1) pvalue JLF-#BAHIF. 26 =, BEMRNMR R, BT LikE:
&, BEPATIZERERFE RS BRARKNSR. oI B 3 Nk B R, KU
LR A Z 00 A1, BRI AT % B A 560 P15 2 K 2 0 A R 2 0 A 1) — AN a L. A,
BESATEAF L p-value W AKERIR. W0 R8T KM TR DU T RS p-value, (EREDS
L EIR 3 Aokl B AT RER AL R B BRSSP R, SR T EPPM J5iE R
SRR AL 7 (RS 0 B4 3 p-value. X FEILRENS I % SE PR £ T A W] BERY B S BUE R & BLIRTHIR
1RG0, MRS T B S i B 58 pvalue. T SZERXSLL EPPM A1 DSP 75V, K3 T
FERFIRACIE P 4240 P SRS B p-value FODLEE.

2 [EREENX
2.1 MERUCERF

TR TR A 6 e 5 A R v o — B B8 KB AT R I T A AR R AR (KRR S, T B Y).
7B E 58 F SRR AT BN e R SRR A . b, A B e e W H e % E R RN, A B
AN B S GERR ] < R, B, — BRI T IR S, FERRIEER TS 3 M B — A
] € R FEIR G, 72 BUfEE 1 M B —ANEDE R A, NS 1A 2 MBS R — AN
E MR EERR, A ZBE R AL T X B A B RN (AS..G). IR — BRI T m B T iR Z A1,
PrEFEEMEARERE kA, AN EETFHKERN .

MR —NBERUEET m o2 —%IKE ¢ P50, WFR ¢t B8 m, xR m Ct. m ERTRES P
W SCREE sup(m, P) 355 SO P a8 m BIIKBLREL, B sup(m, P) = [{t|t € PAm C t}]. TR —
ANEEFF I SCRFRE sup(m, P) KT55T F P 8 U — AN SRR A minosup, MIFRZEEFAE P G2
BB
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2.2 HBiRRUWEFIZHE

H Agrawal S5 7EHHE 3290 U b 52t AR 2 3 7 L LU B, H Al A V28 B0 S SR
ZHRSE 14151 FP-growth 5530 16— HY A BB a2 90 500, 12 BRI 20 i A SR, K4k
B B A 3 1)L A P V1 3t 3 SR R A S T, 285 FHE B AT J5 SR R R AT 2 BT AT R 25
B BT BRI P20 B R R B SRS N S, ERRES P EME LIRS,
EIRe N2 FP-growth HEHRE] P ARG h P B BERR AL R PP Bl S P F 5 X S A BRI A 5 e 10
gt EE; e B LR ARG B MR LA .

2.3 FHItEEMRE

TEGUTH R E AT I, FAER AR FRBA &R 07, R R RGP RES P
My FES N T HEAHER . 8D EEREF T A p-value RIER TSI REME.
p-value MEE/N, Haiih B MEGE. 18, 0.05 & p-value FI—ANFHBIME, B8R —NAREMHEAH
LB A RS PP B iR A DY R Gt B35 B AL 7 OS2 0.05. FEGTiH b, MG I A2
Giit B3 FE R IR N R G i 3 B IR A e e Ry i FH A &5

TR A 5 42 98 S0 208 4248 2R 2 B IR AL 22 5, I HOX Se R A0 25 /7 75 S5 R I A 56, 31X
FERIE LR N 2 ARG S. DA KINEE (FDR) J&—Fiil iz B T 2 S AR oA 56 42 il 4 B P 45 R
HE MR, FDR 18 SURHHRTE L BB B Py Bl i 1) Js B e N S0 Bl S 2245 FDR
AT LA Benjamini 1 Hochberg $& H 17715 (AR BH J73%) 18] Skedastil.

2.4 BB

SCHR [13] ) DSP 5 iR bR e B A A6 N B T F 2R S E R 2 BRI P rh . b B
HAWMT 3 MEE:

910, ME-ADERER TR, - NEENSTHE R

%20, 8% P AN G IKBUATRENL B, B F20 2 B AR RE S P ST I
BCESE M BRIRACIE P IR E B X, FIBTA T290 2 I BERR AL L PP O Ge v P S AR A 2 % 70 A

55 308, MIZF MG TR T AR I8 I BE IR AL R (1 p-value.

FELZHANEOLT, B IS AT e B BRSSO DI SEBatE, F A8 T B Hidi g
EH AT ERME. TR, e B O 5615 2 10 F 70 A R RG240 10— Mo A W ST
AERGHA T ATAFAELLR 3 AN

(1) WR— BRI P G L RAEAR K (RVCZAEOR, X S B A P i G T 2 25
PERLSE), B0 p-value XA IRAMR N 0, 32— MRBEALF LT UE.

(2) BT EHREEENIE, ZRPATIZE IR IE S R AR PR 2 AR p-value.

(3) it B Hhe 36 VL T RO AR K, O TIBSR— D RS R ARG E IO 45 2R, I8 = B0 0 B
B, X = R ECE KT RIT 4.

M T ERRPAT IZ 51T 2 B 2 0 Al A2 P B RS & 10— N BEAL S5 2100, Dt 1%
T AT EAFH ) p-value 8RR —MEOUE, X2 A LGRS FERA TR . RGeS T RS
B AT pvalue, fEREDS L4 EIR 3 ANBhAT RIS, 7ERREE B 50 b, G 8 4 0 oz iz /)
TAZES A AT REN BB B, 25V IR CRIERS B T 0 A R RS F A 1) — DM E Bl 2
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n GGKYSRV  (P) s YSKYKKG  (P)
6 SSKYGGE  (P) ts KKKYGES (P)
5 GASYSVV  (P) 1 GGKYSRV (P)
t VVSYYYE (P) 5 GASYSVV  (P)
s YSKYKKG () 6 SSKYGGE  (N)
is KKKYGES  (N) t VVSYYYE (N)

(@) (b)
1 (MEMFE) (a) RIEHESES; (b) BERBUEES

Figure 1 (Color online) (a) The original data set; (b) the permuted data set

R, = DAGEBEUE A TR A — DRI P p-value, K2 5 EXEHE p-value 74
7 22, TORE ™ R e R

3 EPPM &£

FEFRE B Bk o, G SRARZAS B BB AL /7 ARSI p-value, 75 BAE VT I Ref BB &R &
RESLFIPAG. WIETHTR, BT EORBTH ST A, X0 B A I AT RE B B B 4R S T R AN
DUSER. SN T TR A 50 BB L EE FF RS p-value, £ %5 5CHR [19) AR AR, $2H T — /NI exact
permutation p-values for phosphorylation motifs (EPPM) HI5E, 1Z%HVEREHE 7EA FH SEFR = R Fr G nl
AR E SRS IO T, BRI EARETE 040

3.1 EBiRidiE

B P AN EEPRIRBEHT 795, HAFKBIS 5HZM K. ERdREuSmTmNw
B B, BB S IR E BT 81; AR5, R BENLR FURT [P A 55 B BRBUBRON B P
Fah, RTKBIANT] N L&, filin, P ARG PEE 4 KRB (5N t, ta, ts, ta), N FEHH
B 2 KRB (GTN ts, te), I HEFIREBAE 6 DMEIERM 1 MRERLIREE, WA 1(a) s, |
S MUK B 5 81, BBGZF BN ts, to, b, ts, ta, ta, SRIEARIEZIFINRE t5, t6, 11, t3 XT
R BRBURAS] P BA 8 to, ta XN AIIKBIIAE] N &, XA el ©— IR B, BHLR
W 1(b) B, B 1(a) ZFEREG PR ELEEIRE S, B 1(b) ZAFRE G PR EREIRE S

3.2 FHitEE

Giih R DAR MR W 15 B, T REMS MM HE 4B 2 B e 2 AR g . R 1288,
GehBERLR BRI R LIERF(E P AT N S 7 AT A, P 2-value (BRI ILIE
PG B R AN E BRI T m 72 P A TSR s, A ZBERIEET m 1
Odds Ratio M0 fIiH5H A XN

s x (IN| — sup(m, D) + s) (1)
(sup(m, D) — s) x (|P| —s)’

OR(m,s) =
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Hrp || RONEAFIREMEE, D ZRZE PUN £4. W m 1) Odds Ratio KT 1, W m
£ PHEESEIL. AT TSR, X R Odds Ratio B, 5 2IFE A Log Odds Ratio:

LOR(m, s) = log(OR(m, s)). (2)

A Log Odds Ratio HIARHERE 12T

1 1 1 1
SE(m, s) = \/s + |N| — sup(m, D) + s * sup(m, D) — s * |P| — s’ 3)
M, 153 z-value FITHE AN
z(m, s) = LOR(m, s)/SE(m, s). (4)

MR B FE A R, B IEASE (P AN E, U RS T NIRRT m 7E P
AT N EEHFIICRE RN, B sup(m, P) #l sup(m, N). BT E#SFEBA L BILEB AT L
FRIILAE, AT sup(m, P) 5 sup(m, N) Z F{EFTA BB IEEA PSR, B sup(m, D) &—
AEME. BRI, —ADNBERRIET m 1 z-value SEFR 2 H'EAE P AT IISCFE s e,

3.3 p-value

—MERRACEET m [ pvalue RIRBE m 7 P M N AP EGHEESAIEL T, 95—
FAR m RIR G B AR BERACIE P MR, R S = {21, 22,. .., 20} B DEEIA
Gt EENES, 2o LRBRLIET m EFRETRES LRSI EME, W m 1 p-value THEA
B

_ Hzjlz = 24,2 € S}
p(m) = 5] : (5)

3.4 EPPM &%

FE A o B SE RAE, y SR XS B R N AR SR AT I SEi R
FECAH R (AR R B vE B ok, 3 B % Rk S S B A 8 P A T e IR B 45 0 4R 5 1T A5 B i 2 )
. BT IX /N B, EPPM BRIl i A0 B S B R A i A ok BT H SR G v B (B AN A R 11

HTEAEHEEEE S P RS H KB AEE, A AN B 580 5 5 12 98 2 B RR 1L
B A — A ). THEORES I 2 A0 (10 1 D B2 T B R A A P R R I B R AL R T
BRI ISR IR A I Z LR, KU r] R4S D EIEAT FP-growth 5%, #BFTA I ik
HH I PR AT B R A 5 7

Ul TR, Goit B BRI T AE P ARG R SRR e 1, F B — NIRRT m 1
P ST —ASHFEE s AR BT —ANGeih B E. R THR DRI P A B
BRR A T INSCR VA, B4 T Gt R A R s 0 (4) BEOFEE. X TG Em
BRI m, B P E£AHLFEM TR Lim) /& max{0,|P| + sup(m, D) — |D|}, BAE P 45+
KRFER S U(m) /& min{|P|,sup(m, D)}. ik, m £ P AR SCFRR TR s € [L(m), U(m)).

XTI m &, EREANGEEEE 2(m, s) XRRZ m £ P EEPFFEN s
[R5, IS ATHE 2(m, s) SER I 1) BURE BB 36 Ak 9 THIE m TE B R P ARA FSCREE N s 1 )
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t; GGKSRRV
3 KKTSRVR Put ino t; GGKSRRV (P)
f; GGKSRRV _Select s S 3 KKTSRVR (P)
- o Remai .
i GGKSRRV (P) Iy GGVSKKT ——emainder | GGySKKT
y GGTSSKT (P)  Divide B, E, t; GGVSKKT (P)
S — ty GGTSSKT (N)
12 GGVSKKT (N) 3 KKTSRVR clect | P|-s ;2 GGTSSKT fs RVSSKKK (N)
cee Remainder 6 RVSSKKK ;
D f VRRSKGG —% o Put into o
B, 5 VRRSKGG (N)
i VRRSKGG
E2
2 (MEMFE) P $F1XF s FRESEHBREEF » NERIBEESNIREIEE

Figure 2 (Color online) The generation of permuted data sets where only s peptides contain motif m in P

g m AEBHEEE PRSP s MG FEOE, BEHRRE P ESTIE s ZIKBEESE m
B B e & O BCE. S R B IR AR S R A, AT DO I B R R S . K 2
JeoR TR, B, K D RETRIKB AN S By M By, Horh By AT O S
m, By B FHHIKBHE AR S m. BIR, By 1 By AT RAN3HZE: sup(m, D) M |D| — sup(m, D).
FEZRIPE B R, B HEAEE s F8E m WIKBBESRR P L5, P EST LA s
KRB S m. MIEBXAERE, N By TPkt s KRB, IHEBATRAS] By 4, tpkikTs
KR ECN

vi(m,s) = (SUP(?’D)) (6)
RIG, I\ By APk [Pl — s KRB, WILEATEE] By 6. Bk T XM E0
walm,s) = (1717 ), 7)

B, By BERIKANA |P|. #55, 2 B Ml By BEHRIRIKBHINE] By £EH, Pk
BRE 1R, H B, EAIKNN|N|. FTbL, FTA TR By A1 By, EARIEEN
v1(m, $)va(m, ), (8)
Hrh, By M By £EHHIIKEASA ([P A N| BB
Bl Jo, ¥ By 1 By EAHRIKB NS P 1 N &6, 553 T R IBEIREA T — M E ik
HintE S, HiXMEBREIRES TN P EEFIA s ZKBEEE m. 4R BB, S H P
LA s KKBES m FNEREIEESNEEN
hi(m,s) = vi(m, s)va(m, s)|P|!|N|!, (9)

Bl m £ P EEAHSIREN s HITE AR,
st M &M D EETIABRILEEFRES, WRE M PEDMBRRICET m KISCF
FE s WA Lim) B3] EF U(m), Gt BERE RS8N

U(m)

Z Z hi(m,s). (10)

meM L(m)
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TEBEIR AL EL T HET p-value MITTEH, 30 (10) BISE FMGAE v or B, —2ei B 4 F X (9) g R
[ SR R 7. BRI | P AL (N AT AL g, O T IR, KR (9) SRS R

ha(m, s) = vi(m, s)va(m, s). (11)

TEAAI) EPPM HED BRI T P

&% 1 EPPM (P, N, min_sup, «)

BN BISRES P ERES N R SHFEBIE minsup; BEKF o
it St BEN BT S Result.

1: Result < 0, T < @, sum_ts <+ O;

: Mi < FP-Growth (P, min_sup);

: Ms < FP-Growth (D, min_sup);

: for each m; € My do

ms(mq) < 0;
end for
for each mo € M do
for s < L(mz2) to U(m2) do
ts < z(ma, s);
fc < ha(ma, s);
T = TU{(ts, fc)};

sum_ts <— sum_ts+fc;

e R A R o

P O S
S A el

end for

—
~

: end for
: sort(T);

: accumulate(T);

— = =
N O Ot

: for each m1 € My do

—
%

ms(mq) « search(org_ts(m1),T);

—
©

p(m1) < ms(mq)/sum_ts;

[\~
o

: end for
: Result< BH(M;1, a);

: return Result.

NN
N =

(1) 1£ P &4 H FP-growth HIEIZHE S IT min-sup MIBERRALIE T, JRR NS M,y £
A, Xy R 7 B AR S BRI B e (56 2 28). AR, 7E D (R & H FP-growth B54Z
P RIS min sup FIBERRACELFT, JRRHHTIONT] My BAh, X B 5 RIE g B R £ 6
AIRE I BERR AL B (38 3 D).

(2) N My HE P TFEESR I BEREEF my 2B — R ms(m), ZERGEE 2T
Aot EEAEDRKTET my BURGTHEBME RS EEE RN (38 4~6 ).

(3) HEE Ay el BRI my MG STRIE o ARG EHE R s AIHIR fe,
R X (ts,fo) AR T a5 (58 7~11 ). )5, R fo RN%G sum_ts (55 12 ),
sum_ts fx 245 R EIR A AT RE ) B R L S rh Se it B E A 1) B HL

(4) MRHE ts ERIRDNETFHS T £EHIAER (ts,fc) X (58 15 28), R RN T &P G
(ts, fc) XIH fc {H (55 16 2B). B, ek T={(ts1,fc1), (tsy,fca)}, H tsy > ts1, &1L sort(T) /5,
T={(tsa,fca), (ts1,fc1)}; &1L accmulate(T) J&, T={(tsq,fca), (tsi,fc; + fco)}. HEF M EBEIMMIH RN
T Reg PROE A B DB BERR AR R IR A G i B R AR ST R AE AN
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(5) AT EPAEIEHBERIL T my KRGS E B org_ts(my) 5 T A ts HELE,
WIR org_ts(mq) EEETHEA ts; AH, WHRENZ ts; EXTH fo; (H25 ms(my) BB 17~18 ). #:4E, my
RS B AT L p-value M 0] B ms(my) FT sum_ts THEAFH.

(6) 5o, T/ BH iEf My 1) FDR #BHIEEFKT o F, HWGH& 4 RREIF] Result 5
A (5 21 ).

3.5 MRFEAR

N T T EPPM FERIRCGE, RAHLLE 3 MIndEHA.

(1) . BRI, 45 E AN BEIRALIE T my A1 ma, WIER sup(my, D) A sup(ma, D) FH%E, my
F o F2x A A E SRR EVE T, By DLBERR AL T mo ISR 8~11 B EHEHAT T BRI EET my HIZE
8~11 A7, R, AJ DA My B85 SCRFFEAR S R BERR A ZE 17 4 — 4, EREAS A R BAT 26 8~11 22,
IXFEE BRI KB IR IEIA R . EPAT T 28 3 0 Ja, ER A MR SRR AL B IR 2k 73 31— 2.
HAHATER 9 DI EHG R, (25 10 PR EBUEN fc < ha(m, s)xsizeg, HH size_g FRHTZ
ENMHAE TR

(2) IELE. EUE ho(m,s) I, FEHETZHEGX. DR EBTEIXSHEA, Ko mEY
I EPPM SERTHE I, v T 4TF EPPM 1R RE, ETHE AN REIRIGEE S m AHAR I SCRE BT
FIARERIS, BIZETHEL ho(m, s) M1 ho(m,s + 1) I, ATEAR ho(m, s) BIZERRITEL ho(m, s + 1), BAkit
LR R

ha(m,s+1) =vi(m,s+ 1)va(m,s+ 1),
sup(m, D) — s
s+1
|P| —s
|D| —sup(m, D) — |P|+s+1

XTI ARME RSB, BAR, LR RS H & I, i E B
FFom WA Lim) B EF U(m) SRSRR, W PAIE e BB R ho(m, L(m)), 85T
AR ho(m, L(m) 4 1), ha(m, L(m) +2),..., ha(m,U(m)).

(3) FPRBIME. 1T FEBA I BRI EE T m WAEHA p-value I, FEFE A St EEAE T
M m WIEGGEEE ARG EEERAN . 52, BFRERI A (ts;,fc;) X, H
W ots; = org.ts(m), IR fe;. EHFMBMBEEL S, AR (ts,fc) XTHZILI ts EHIETFHES
), EREBHRIE T m & My, S IRRG T ERE BN BERILIET, A —LE (ts,, fe,) X, Hrp
tsy < org_ts(m), FAEHS 18 WA A, I AEAE . HEF M R IXAER (tsg, foq) X RZTE X
(K. SR BMERCARMH 7 — MR minz RAF-GE TG B L 1O BERR (0 5 7 vh /MR TR a6 4 11 2 A
M EPPM HyLIEAT T2 10 2P )5, AR ts Al min_z B/, W02R ts <min_z, AT CABKIE 28 11 25, Xk
AL IR I (ts,, fo,) AT,

vi(m, s+ 1) = v1(m,s)

)

va(m, s+ 1) = va(m, )

4 TR

N T HEL EPPM A1 DSP 53k 31 PRAERERR (L3 P RO TR RE, ASCSLHE 1 — R 5155, DSP 5k
e br e B B 56 BN 2] 1 BRIRACIE PP O VEA . Z B AR AT DSP SREAT EiR, 20y EPPM
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PG 56 7 VAl W B Ak 3 P A2 30 45 TR, KB T B IO SV L B 5 T Bk B v A
DSP SyER BRI 1000 IR E . Fr kil £ — Gl E N 3.20 GHz CPU fil 8 GB WAF
()L E AT ).

4.1 HIRES

B SCHR [12] R G 3 AR G ok kAT SEg, b RN R SR b I B R IR BC L 12 N
FERRA 1 AR TS, HAZIRIEAEZ IR B ) PO B TR Bl R & i T

(1) TR BB A E0H55E (non-kinase-specific phosphorylation data): 1ZZHEHEKIH T Swiss-
Prot (release 2011_11) %4 % 291 F1 Phospho.ELM (version 9.0) ### & 2. I Phospho. ELM ##z /%
BB ICHBARIC BRI IR B E N P AL S, KT N G MHEE, RHMZ TR [22]
RHITIE. BE, B P AN SEEEEE S H SR 5000 FIKBORIIE P AT N 5.

(2) JA AR AR e R 1 B BR AL 203 42 (cyclin-dependent kinases (CDK)-specific phosphorylation
data): 7E4HME BRI Fe ) B B8 AR PE R (cyclin-dependent kinases) /& —FPIEH HE . X
e Pl o A A L S T, B B A AL P A JE S 4 e e 9 DA AT e 1) 7 AT, R AT
R I (B PR A B 4 10 7 8L, 1 S M\ CDK R (i R IR BB IR (L K BOR M RT B4R & P, SR )G
BHSCHER 23] IRHEIITTERMBEE EA N. B4, P £ EH 191 KBRUKE, N £6TE5F
193 S&AEMEMR ALK BL.

(3) A BRI BEER LB E (protein kinase A (PKA)-specific phosphorylation data): A &[]
WAl (protein kinase A) s&—F cAMP-dependent . 1% £E 4% 85 [ 0TI R A0 AN 0T 5 S 26 AT 1)
B HE AR EE . A B R @07 30N CDK Ha S pgwy @ oy sUHH], &3] 1
107 26 WERR AL RR BT 110 25 AEBERR 10 IR B

4.2 FEFEM

TERME B AT, SR — AR BEGAI B IR LR F ST E R ER K, F4 DSP HikitH il
FHZBE IR L EE T 1 p-value BHRATHEAN 0. N T IEBHIX AN A, RN EHEEA N minsup 240 Fia
177 DSP 5k, SLIRg RunEl 3 fios.

HE 3w, AR ESTEA R ST IR IS5 R #AATE— RN pvalue T 0 TR
{37, HH non-kinase-specific #EHEH p-value 55T 0 HIBERR LR 7 B H & 2E L RPN B dE 42
Z, HEF T HE 4 R B 4 f% 002 5N 0 5 o I o 50 O BE R A0k 7 1) JE R 4 v B B A )
O3AR. M 4 AT K, CDK-specific Il PKA-specific £ 4 H ik 56 i R 1 35 15 (10 SR SR 48 1 1 Bl
FRELEAN, AT LLVEATR p-value N 0 FIMERWIR /N, 11 non-kinase-specific ZLH54E HA7A7E—3 70 R UG 4t
TR LR BRI Y, X 3L i DSP 53 ) p-value FELER KRN 0.

H EPPM BOEERIFERI SN igAT L 8R4, 19 20 45 R b G BE IR AL 25 7 1Y) p-value #EA A
0. JEAZ EPPM THERRZASH R /A0, BV S BEA50 I B R A0 28 7 1) S e v P (R B KT, 1%
BEFR AL LT 10 p-value HHANTTRES 0, AE BEAR B BEIR 10 JE 7 0 A fe; (EAE N7 7RI FAZ B R
WHEF ) p-value.

4.3 MHE—MH
T b v B A 50 R BE AL, R RIAT DSP 72 AR 1 B e 5 & # A RAH R, K B R — R IR
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3 (MEIRFE) DSP HELZERSP p-value FT 0 M p-value FFT 0 BB HLEFNEKE
Figure 3 (Color online) The number of phosphorylation motifs whose p-values are zeros and non-zeros reported by DSP.
(a) Non-kinase-specific; (b) CDK-specific; (¢) PKA-specific

Minimum support

WERFFAEAS R DSP HiF 515 H 1) p-value HLFANA. A T UEBHIX AT, fERA R4 U7
T 100 ¥k DSP Al EPPM 5. K 5(a) il T CDK-specific 4+ — N BENLBkIE 1M RR 10 3 7 1E
100 X DSP 25 R 1T p-value, MEHF AT CLEMHE B, FIRIE1T 45 R 2 p-value JL-FHESAAH .

HT p-value WP BN, T3 T DSP BR FIHI 45 RAAFFE. B 5(b) 45 H HIZ7E CDK-specific
e Fig47 100 ¥k DSP Al EPPM R [F] F) 40 v 2 3 B R AL E /7 0 8. A 5(b) At RE B WL HE
FH, DSP iR [FI &5 SRR AWM, (H EPPM iR [FH 25 R A2AME—/), o8 EPPM 1T 2RS4
A, %5 A BA ME—1, Bt DAZEAR R 3R 55 B2 0217 EPPM, 3R B 25 SR A2 —FE ).

BAR, W DSP iHEAF H R E DA — NS EIEALZE /340, DSP IR Al 1) 45 56 &k
EPPM 3R [H] (125 5. (E2 RN AN SR SR MEAN R, IR MECRIE DSP 1F 543 2111 % 00 A (1) & B

4.4 TEEAM

DSP U5 AREAG B — ARG IS5 R, 75BN E #E. Oh TUER ISR YE, 7E non-kinase-specific
BEAE > HE4T 7 250, 500, 1000, 2000 A1 4000 YK & 4ft) DSP Al EPPM 5%, & 1 FIH T iZ%526 45
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Figure 4 (Color online) The distribution of the test statistic values
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Figure 5 (Color online) (a) The p-values of a randomly selected phosphorylation motifs with 100 different runs on CDK-
specific data set reported by DSP; (b) the number of significant phosphorylation motifs returned from DSP and EPPM in
100 different runs on CDK-specific data set

L pvalue 2. EF 1, B EHUCREGRN, pvalue S5 0 BUBERRILIER HOHCRAE R E,
I HL povalue WOHEREZEZE5 M. 0, BEHUOHUIME 2000 B, WERETTIS 1077, BTOA, Bo B KK
FEPS 1, 45/ BEBRALIE R 1 DSP $ B HHHY pevalue 4 2 MUSRELHEE SR prvalue. BN B He YRGS
%, 1| ARSI T A £ B AT LT 40 0 T A e sl AT 7500y 2 SR

SN B R B AT B ARSI p-value, {ERARMERA 23— EHE R T BT 2 DRI E
B RERT 2 — AT LR Z SR, EPPM A AR AEIXRE A e, PRy He v 5t A 2 RS K p-value.
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# 1 Non-kinase-specific HiFE_ LT EEHAEH DSP #1 EPPM £R+H p-value 777

Table 1 The distributions of the p-values returned from DSP with the different number of permutations and EPPM on
non-kinase-specific data set

p-value 250 500 1000 2000 4000 EPPM
(0.1, 1] 3290 3290 3290 3270 3270 3270
(0.01, 0.1] 1700 1660 1660 1680 1680 1680
(0.001, 0.01] 905 900 900 889 889 889
(10~%, 0.001] 571 566 550 559 554 554
(1075, 1074] 273 316 318 344 342 340
(1076, 1079) 135 197 216 218 225 225
(1077, 1079] 33 69 134 121 123 124
(0, 1077 0 0 0 45 87 484
0 659 568 498 440 396 0
103 . . :
* - EPPM
O DsP
104 - 4
o O
103 O E
_ ©)
by
=
e 102f E
101 f E
* * * * * *
100

0 1000 2000 3000 4000
Permutations

6 (MLEhMFE) PKA-specific iRE ETEERRKH DSP 1 EPPM M TELE
Figure 6 (Color online) The running time of DSP with different number of permutations and EPPM on PKA-specific
data set
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PKA-specific ¥4 AR BHKE T DSP Fl EPPM EyEFE 4TI A, S48, EPPM 13847 I [H) 2
iz % T DSP.

K 7 4547 DSP Ml EPPM 7E& /N B4 AR minsup 280 IE1THE]. min_sup /)N, $2
2 IR LI P B E s . W 7 R, 75 BRI BRI L e T DSP BVER
IBATH TG IR 23 HI52 M. 10, £ CDK-specific BHEEEF, min_sup=2 I FIE 170 8] 20 8 & T H 4R
min_sup N FEEATIA]. 3L R 23R N A 0 B R AL 7 LU 2, R B 58 S, DSP &R
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Figure 7 (Color online) The running time of DSP and EPPM under different min_sups on each data set. (a) Non-kinase-
specific; (b) CDK-specific; (¢) PKA-specific
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JIT DA TR B 50 B A0 3 5 B0, %) EPPM. B3R RIS AT IR R) 52 8 EL /).

5 51

B SE T TR AT AL W] DA R bR A B I P 3 sk, BEZ S T A EPPM
PRENAET T 70 AT, TS 58 I BEIR AL 7 (AR T p-value 7T HUZRSHA T 0 A LET 5AR 3. 2
R RAEW] T EPPM SLIkHA S RENS 25 BrIbR ik B #4610 BR R, JF H EPPM S0k o bn itk B Hks 56
FETERE BT

MEZEFTAT EPPM R [l 45 R, RBWR — MBS F m 2G0T RE N, BARE m MIBEHRL
HFWRA RS R E N, RBREFREE AR MER BT m 5820 S 2.
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Computing exact permutation p-values for phosphorylation
motifs
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Abstract Protein phosphorylation motifs refer to position-specific amino acid patterns near phosphorylation
sites. Mining phosphorylation motifs is an important task in the field of bioinformatics and several efficient
methods have been proposed to uncover phosphorylation motifs. However, a large percentage of the phospho-
rylation motifs discovered by these algorithms are false positives. Using such motifs to perform further research
will lead to inaccurate conclusions. Generally, statistical significance testing is an effective technique to filter
out meaningless phosphorylation motifs. Among statistical significance testing methods, permutation testing is
a commonly used method. Its usability and popularity can be attributed to its non-parametric nature. However,
in permutation testing, several drawbacks narrow its range of usability. In this paper, we provide an analysis
of these disadvantages and propose an algorithm called exact permutation p-values for phosphorylation motifs
(EPPM) for generating an exact null distribution, from which the exact p-values of tested phosphorylation motifs
can be calculated. Experiments on several datasets demonstrate that EPPM can successfully alleviate the afore-
mentioned disadvantages and outperform the direct permutation-based method for several performance measures.
To the best of our knowledge, there are still no methods in the literature that can compute exact permutation
p-values for assessing phosphorylation motifs.

Keywords phosphorylation motif mining, motif assessment, statistical significance testing, permutation testing,

exact permutation p-value

1348

Jun WU was born in 1990. He received
B.S. and M.S. degrees in software engi-
neering from the Dalian University of
Technology in 2013 and 2016, respec-
tively. He is currently working at the
Zunyi Normal College. His research in-
terests include data mining and bioin-
formatics.

Lin ZHANG was born in 1984. She
received her M.S. degree in software en-
gineering from Guizhou University in
2011. She is currently working at the
Zunyi Normal College. Her research in-
terests include data mining and bioin-
formatics.

Qiong DUAN was born in 1990. He
received his B.S. degree in software en-
gineering from the Dalian University of
Technology in 2015. He is currently
working toward an M.S. degree at the
School of Software at the Dalian Uni-
versity of Technology. His research in-
terests include data mining and bioin-
formatics.

Zengyou HE was born in 1976. He re-
ceived his B.S. degree, M.S. degree, and
Ph.D. degree in computer science from
the Harbin Institute of Technology in
2000, 2002, and 2006, respectively. He
was a research associate in the Depart-
ment of Electronic and Computer Engi-
neering at the Hong Kong University of
Science and Technology from February
2007 to February 2010. He is currently
a professor in the School of Software
at the Dalian University of Technology.

His research interests include data mining and bioinformatics.



