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Abstract

Phosphorylation is one of the most important protein post-translational modifications and plays
important roles in numerous biological processes by significantly affecting proteins’ structure and
dynamics. The development of computational biological methods for the accurate identification of
phosphorylation sites helps to our understanding of key signal transduction mechanisms. In this
paper, a kinase independent phosphorylation site identification model was presented, called
FSID_PhSite. The model is featured by component of k-spaced amino acid pairs and the position
conservation of residues surrounding the phosphorylation sites. Applying diversity incremental
feature selection technique to feature selection and inputting the selected features into the sup-
port vector machine algorithm for recognition, when the ratio of positive and negative samples is
1:1, on independent testing dataset validation, the accuracy of identification for serine, threonine
and tyrosine sites is 84.34%, 82.32% and 68.89%, respectively. The results were superior to the
existing kinase independent phosphorylation sites identification model.
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BRIWEREENEARNEEBMZ — AFSHARIEFHEEEAG. REBRILLLSEHIRG
I BT, BT BRILE S5 SR B . KRS0 H— MBS TS IBERR AL AL S IR BIAR
%I, FRAFSID_PhSite. #Z!IkiE]FRE BN H S MALBRTRIERHA D NFE, 2N ERE
RERARBATRHAENE, Kk H REM A B SRR BV TR . EIEREEAEZ A1
T, MR AL E R H R IR B R REM LN RERLE, IRBIREE 2 51£%184.34%- 82.32%H168.89%.
SRR TIA TSR ALAL SR RS,

Xiia
BARBRILALA, SHEERIHMEER, RFAEN

Copyright © 2018 by authors and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

1. 5|8

B R i W AR A E AR e B —, R — I RERKBINA SR, £ 2 MRt
b, RS S 7RIS DNABE . AR, RBERBL RN N A E 205 . SRt %
FELERE S BB B AL N, = AE MR IR SRR ATP/GTP 25 10 o i folf 12 J25 [ o 380 55 S/ 2 79 B PO S A2 A
RER D TRV L, FrRra R BR A L 7 — B A B — 28 U B R A — M R R A
1 22 % FR (serine, S), 7% & (threonine, T)BL % Z M2 (tyrosine, Y)IX =Mk o 29 30%~50%[1) FA% & 1 i
B IR R 1] BRI/ R R ATEA AR LFTEN 2, DURE SHREIE VI, ff
55 1 BT IR A, 10 73 My 73 AR ) 2 5 ) R S UR A

AR, B LI BRI AW T, & A BRI S8R AW e, SO HES) 1 SR
BRI Fidt e . SR SCIR AR S 9 ), AR Ry, BRI KHES) 1 s R, RS AE T 1% f5
MR s BTSRRI R R o R B IR A 57 s T PR T SR AR A AR AR ] 3 o =3, — R TR AR
[2]1[3][4][5], —RVFhERA L FAR 6] [7] (8], =N F RSB SRR [9] [10] [11][12] [13]. 4F
TEAE BORIE— R, JRYF I v BB B AR ST, 4508 T I ARIE A 73 ORI 4y, LIRS 155
i, Audagnotto F1 Dal Peraro [ 14 %} £k [ FUEI I 5 &M A G B2 T RH#HT 7 — ok, ST
XEGRERL) Web RS EniEse, TR EA M. BT —NEAh, B sE%, SAEBEImmAL
RECH LCAR 72 200k, DR 22 SO R I T IURS B2 35 R AE B8 IR SRR FEAS Z LEo 101 BT Fa i, A
AR AR 2 3k A E a0 NSRS I A, 7 S A Yt B™ B () 5 DY B L . U R AN TC O 1)
B, g NRFAE i 22 HL TR FE AR AR 9] [10] [11] [12] [13].

WG T 9 I R ) S PRI N, AR 1n) R 4EBOBRSR Bk, DUBIERAS S O TS 2. (B, &
YERFERS S BON FEA B 05 2E T Eas R A RE T B DRI, B ARA IR I B AR 2R 47 250408 40 A1
FREAR AR 2 B AT 959 . Drotar Z5[15]7F 8 AN 0BG F 5 E L, i T 10 Mdeit
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MIRFIESE R 70, R IEE T 08 (R RFAIESE 4% 75 7 (information gain, 1G) [16] A m ek, Mi/NUR
B KAHS&(Minimal Redundancy Maximal Relevance, mRMR) /5% [ 17| A & i I TIFS FE . 2016 4, Zou
SR HVRR S B KA 9 B KR B (Max-Relevance-Max-Distance, MRMD)IHFAEE#572:[18]. 7E 2017 4,
BARH T — N R E L £ 77— — 2 AR PRI 1 $¥(Feature Selection based on Increment of Di-
versity, FSID) [19]. FRATTK:1Z 775 8 FH 88 15t /M v 4 SR TN [ 19 i) ey, KB FSID 757 B i 2
RIRFIEREERE 77, IRT IG 1 MRMD 7572,

R R AL SRR — AN MR S YRR AE R PR, SRR IR R OR SRR B 4, S SE
DURE TR BB R AL AL s I T AT B 22—

FEASCH, FRATER H — N8 1 5 B o S B R A0 A7 R a5 28 FSID_PhSite. 7E—MEOK IR E i
WAL R B4R b, FRATEL K (A BR 2l X 2H 43 R R AL R 4 v B AL B IR <1 R J 20 40 AR,
KM FSID J7iEdH AT R IEILE 5, R4 &SR ENUEEAT N, SR8 T HBUm RS BE .

2. MR 57
2.1. #IESE

ASCHAEE S AP 5y s RIS IGAE . P B35k B Zhao S5 SCHR[12]/ b AT kL. 3L
NG FIEREAS, ROSZEG B e B R LA 5, >KIET Phospho.ELM %4 8.1 hit4%(2008 4F 8 H
12 HRAT) [20]. INZREERHE 5725 MEAFT, HAP Bl 2 2 K (serine, S)ALAL 12373 >, BRI Z TR
(threonine, T)fZ 5 2525 A, fER AL Z B2 (tyrosine, Y)I7 & 1826 4, X647 s 4 il 81 IE&E . 24
HR SRR AR SRR T 5725 AN AR . —ANE BT S BRBERRAGAL Ak, HAR AT — B A AL s PR
FE 50 NEEEER LA LW S/T/Y BEs, BB 2 BB R AAL AU, i UREACIR I S8 i Biswas S5 [ 111K
M. BT AEBERR AL AL S 80T K T BER LA 5 80, Zhao 512K B Mk $% T + 4 SRR AL AL 25 A5 2 (0 E
BERR AL s AE R g . R, — D YIGRIEERT NSRG4 .

N T A AR B R g, Zhao Z5[12)3RUAES|— NS A IR A . M A IR AR A
Phospho.ELM (4 £ 2008 4 8 H 12 HZ JG HIBiE AR . S0 RMHE)E, KBS ibE - i & m s eyl
APERRARE] 40% LA N . fom, FEMOIRISETAE 837 MNMEA, HA BRI L& IRA A 1450 . BEERILTY
G R 835 N TERRIUEEZIRAL i 286 Ao JSTATIGER AR IR NG I ghdierh SRR U X — 3K

2.2. $HEREVSE

2.2.1. k [EfREEEXE S

DA S/T/Y AL g0 & A 13 ANakAE, 19200 27 NMREEA G B8 & B e B
5514 PORBERRAL S/T/Y BREE, AR BUE 14 AN AERERR 1L S/T/Y BkFE . ST AbTE A N sk C b
(1 SIT/Y BRI, HFIIAE 13 MREER, RS 07 #h 55, B4R, FATWIEIXAH 27 MRIEA T B
REAE A TR Lo R S 2 75 A R A 1 78 215 R U

k [IBREEEFR XS A5y, SR H AR st B AT — X R 3 (R AR DR IDRARRAE, Bl kB0 BN BRSO, 4y
BRI TR BRI K. k [MIBREIEIRN 44 2 X — AN R AT VB R RN, RHXE TR
B k MRREIEERSH 0P HME BRmiD TR, SR T 2N Ea R SRR A, 1% R
AL AT 12], ZetEfr s TR 19]%545 .

XA k FIHUEAR ST k=0, 1,2,3,4,5; k&R IEER [ A6 550, KN 27 15k
B ATEEEL 441 FR(AA, AC, AD, ..., OO)Z IR 5y AR, k MK, Frg MBS =,
Xof P51 B I R ARt 78 43, LB 2 T SR R RRAE 4R 50 R IR o A SCrh, FRANTE FEEN k EiHKH) 5
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I, RPAE ) B AEHOA B 2646 4. AHEHENT, IX 2646 ANMRFAE T AYZE 4 B2 S TR AU AR
e R R LERHE AN P A T 02K, —OR BRIR > KA IO RBUE, R L™ B 2 > 8
Fo P, BATH N RSO X X LR AEREAT 0358, M ade H D B il A 5k F8 R BREARFALE

22.2. (IERTFHOSEERESS

k (A BRI L ZAFIETE S, WRERMAER, EHADERHE CATZTI A BN s %
Re N T REBE AT REHIRANE RAT R, AT D ISR AR e B R ISR SRR IEAE b FE . DA
SIT/Y FRAEALE N 0 i, BUFEH-5:~1 AL 8, TUEkM+1:+5 A8, 310 M. DU b ek
FRLL 7> AHFAE, RO 21 x 10 =210 4ERRAE R . SAR, XECRRIE 7R KB 528 LR IRRIE, R
R B AR B 7 0 X SRR AR AT 0 it o K30k HH O B AR S R RR AL A RFAE , N EE 1 k AT
LR A RE R, R RME AR N .

2.3. FHEEFE S %

FRIEE ) AR RAE R B D BURKE FEATIR N, AT Re i DR ER . XA SR LT TR NLRNE i)
SO AR, RAGEGEOR, SRITEE, G ) AR B N R ORI B K R A R A TR, AR
BV RHE B EORTG LUK R 15] [16] [17] [18]. i, FRATHFFTAKE T — M R IEEFERR, FRNZ
P 48 BRI % FF (feature selection based on incremental of diversity, FSID) [19]. FSID J7 k&AL 7T
0 SR M/ NI 5325 o) R B 42 R [19]

XF—ANWEG KRB C (1=1,2), FFEX HIAERA C) FIBRICH n, BREFIE X LA &R
HIMAESR Cy ARG N s R, HFE X HIRAEZE ) Co MARIKC A m, BRI SR C 1
BRAE N m o WIAHRFE X 1E C, a2 R e XA

D(X,Cl)=(n+ﬁ)ln(n+ﬁ)—nln(n)—ﬁlﬂ(ﬁ) (1)

[FIFEHL, $54E X TE G RKNPHIZ MR D (X, C), UAERARSE C+CGHPRIZHEERED (X, C +
Cy) AT UL FIRE R 77 2043l 8 SN
D(X,C,)=(m+m)In(m+m)—mln(m)—mln(m) ()

A
D(X,C,+C,)=(n+m+n+m)n(n+m+n+m)
—(n+m)1n(n+m) 3)
—(m+m)In(n+m)
FFIE X 78 C) F1 C, 251 2 18] ) 22 F£ 1438 & (increment of diversity, ID)E XA
ID(X)=D(X,C,+C,)-D(X,C,)-D(X,C,) 4)

A GUER,  ID(X)TH A AU BE B A B AR A, AR RS FRYE . R 2 FEMEI B R H, 4
FEARHIE X AE C F1 Cy A0 Hp H IR AR 22 5 8K T, IDQORIE R R, AR, AR 22 St/ NS, ID(X)
FRARLIER /)N o Tt SRARRAE X A2 2RI TE IR K, T84 — MRFAE X AE AN 5 B B A S ) -8 22 5315 R TD(X)
M E T 0. B, IDQOBEATAE NRHIE X 2 AR5 R, B8, IDX) RS RRFIE X X F AN 280
Cy A C, AL BE B, X2, IR ID(X) > ID(Y), FERFE X 5250 H e Ph B8 FA4FE Ve 24X
Tt 28 ) AF 1 ) 55 B R BIFR AT TRIAIDo) I, B4 ID(X) > 1Dy, HFAE X Wik %, 1D, NHFAEIE B HIME .
XAMRHIEIE £ 07 EAIRATRR A 2 FE 1 1 B R R 552 R (FSID) .
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2.4, AR E
AR EERA S R ENL . XRERENE R 2802888, HIEARM & O IEA 18 LY

SRS R AR SR e 0 2588, R REEIR, e A B AL AR SRR AE 25 [A] R E 2R 1
SIS IR R, R R ) s R A O R M T A3 e . AR SO RE R E AL EE RS BUR F R B S “el071”

H svm 21 BCSE R, HRBRBCR AR IR, B8 ¢ Ay 505 R BR DAL
2.5. or3RFERETEMNIEER
Sh ARSI F DUASSEAT I B, 5 A2 SO (Sensitivity, Sm), 557 P (Specificity, Sp), K /&

(Accuracy, ACC)F1 L FHH 2% & $(Matthews correlation coefficient, MCC). 1X%E55E X1 F

TP TN TP+ TN
= Sp= LACC = ,
TP+ FN TN + FP TP+ FN + TN + FP
TPx TN — FN x FP ®)

J(TP+FP)x(TP+FN)x(TN+FP)x (TN + FN)

X HL 08 TP R B PR SERERR A AL Rl g U BE AL A R H ), TN SRR B P (RS2 AR %
FRAAL m A TN AR BRBR AL AL BB ), FP 203 B BH P (R SEAR B AL L ki B T D B AL AL i E B H),
FN o (BB (L SE R A A7 m e TN DA AR B R AL AL /L I H )

VYA 73 SRAEREVE A FE AR 73 IR W] T — TR B DTS ASFDT TR PERE . Sn 2 AE AR IEREA P g
TSI T TG IEREAS (AR, B R & — D IR R IEREAR I BE J) . efblsts, Sp —ARATE—A
TR AR R SR A B HE S ACC B IEAAR K A FEAS (I E 77 - MCC S U BE R — > foe P I0 E
MCC BB G Z[-1, +1]. MCC = 0 RMFHREFLEAAAT 17— DEEHUAN, RIS R FTNE R S
IS FAREAM K . MCC = =1 RIIFRASZTERM o [R5 H— D BHREG K YA ERESR bR, 7T LU
e THT b S Pl T 5% 14 o S R RE

3. BR 51118
3.1. FSID $HiEiEFER

FIT B FREE B R RN SR e . — MR IEE D B A SR IR 4, Hak 10 Al
o WERIEAFFELE 10 HYIZE LTS ID EH KT BIE Dy, WHZFFEOE 1, Bk R iE R 2
SVM H AT W BR AL /AR R A A7 i i 0 SR B o I TDo FRAR AR FE B KAk e H .

2 LIRERIESS, W k RIBRE SR A RAE, 23 Ji)id H IR 0 22 SRR R ARRAIE 72 A, IR IR =R
MURFAE 14 A, IRAIEE SR IOARFAE 14 Ao SEFA07 BORSF EUIERR AL/ RFIE, 20 J0llde He FH T 18031 22 G R I
1iE 34 A, TR IR IIRHE 27 A, UNBS IR IRHE 26 A0 IXFE, )5 13 BIBERR 1h 22 SRR iR AR AE
72 +34=106 1, FHEBIIRGEEIL 14 +27 =41 4, BREFRIRAREI: 14 +26=40 1. % 1 4
H T =B AL R IR I3 H (7 B FR S S8 BE MR AL 43 RFAE

B 1 af W, BRI 22 SRR AL s B I A B AR 57 Be oy RXR[RS]DS[PSD][ES][ES]SS, BRI /72
W& B A5 B () 7 B 58 F BE N R[CSIR[PS]XTP[PT|TTP, i & 1k ik 2 I8 o7 550 B 30T 1 7 B 1 <7 Fr Be R
XD[DE][DPIDY[EY]Y[PVY]YY.

KA B LR B — N RERISL R BERRAL 2 R AT s 1) R A0 T I SR IR 7 b I 2 A 22
R, BRI R S I AR SR s I A RR, BRI R Z R AU AR T R 4k
TRep b I 2 AN EEER . R FRAT TN, X T R R A I FE Y — AN A AR AL . R, BB
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Table 1. Features of the position conservation selected by the FSID method
% 1. B FSID R RRI L R T HHE

7 15 -5 —4 -3 -2 -1 1 2 3 4 5
R R R D P E E S
S S S o o o
L D L S
H F \Y%
K
2R R
L
N
A
C
T
(R R C R P p p T
S S C T o o o
G o w
TR K L L
L F
A
T
D D D D E Y P Y Y
L P Y A%
P 2R I K Y I
L P o L
L

s DL R OB AL AR S M R, LAt A EBIR (AT IR I R IR

AL AR N & ML — PRSI, (E N B AR AL =, R S BRI AL T, Ty RER
R ER LR ATP/GTP AR S Rk ] — FLA SR 5 ZERRIR A U4 e R R, A4 A AOAR TR = R 1R
W AR 45 S E SRR AT AR LT AR

3.2. FSID_PhSite fREIpGIAHILER

FEAMALMASE |, FSID_PhSite BRI 22 5018 . TR Z BRI IR 1 10 ALK 50 25 SR (0 -F- 35048 43 5l 51 T
F 2. K 3ME A d, NT B RIS R A RS, FRATIRIN ZH T oAl 4 A A R E R AR
[FIREMNA A R4 R . X DUAN B AL fry &5 SR8 BB SC R [12]

H#E 2 AT 0L, FRATHIMERL FSID PhSite X BERR b 22 R ER 7 A5 IR B PERE 437N, Sn = 73.45%. Sp =
95.21%-. ACC = 84.34%A1 MCC = 0.704. LbgiAh 4 MR, &I FSID PhSite # HAG 5 = 10 51L&
FERE . FRFPEA D [CHH O R AL, RORS v R BE T CKSAAP_PhSite [12140 6 /N E 75 mi o BB B s I
7 & DISPHOS [10].

DOI: 10.12677/hjcb.2018.81004 29 TR


https://doi.org/10.12677/hjcb.2018.81004

BITEZE 45

Table 2. Comparing the performance of different models in terms of serine (S) site identification on the independent dataset

2. PRIERAEINIOIN SR E3T 22 RERA0IR A1 REELER

Models ACC (%) Sn (%) Sp (%) MCC
NetPhos [9] 64.91 78.90 55.64 0.343
DISPHOS [10] 70.10 81.03 62.86 0432
PPRED [11] 62.87 72.62 56.42 0.286
CKSAAP_PhSite [12] 78.59 79.45 78.03 0.566
FSID_PhSite 84.34 73.45 9521 0.704

VE: NetPhos: artificial neural networks method for predicts phosphorylation sites; DISPHOS: disorder-enhanced phosphorylation predictor; PPRED:
phosphorylation predictor; CKSAAP_PhSite: the composition of k-spaced amino acid apirs for prediction of protein phosphorylation sites;
FSID_PhSite: feature selection based on increment of diversity for prediction of protein phosphorylation sites.

Table 3. Comparing the performance of different models in terms of threonine (T) site identification on the independent da-
taset

3. NEMRBAEIR AR SR X7 R ERAIR A M REEL B

Models ACC (%) Sn (%) Sp (%) MCC
NetPhos [9] 64.70 47.78 74.75 0231
DISPHOS [10] 71.93 70.06 73.04 0.421
PPRED [11] 62.12 4826 70.34 0.187
CKSAAP_PhSite [12] 78.98 79.16 78.88 0.567
FSID_PhSite 82.32 65.97 98.66 0.684

Table 4. Comparing the performance of different models in terms of tyrosine (Y) site identification on the independent data-
set

3 4. FEMSHZEM ST 8 b SR EAS ARSI Bt 55

Models ACC (%) Sn (%) Sp (%) MCC
NetPhos [9] 59.92 45.80 69.30 0.154
DISPHOS [10] 66.62 55.24 74.19 0.298
PPRED [11] 56.42 43.01 65.35 0.084
CKSAAP_PhSite [12] 68.58 52.10 79.53 0329
FSID_PhSite 68.89 47.18 90.59 0.420

B 3 AT I, FATTHIBEEY FSID_PhSite X i 2 14 5 Z0 R 157 s R 51 I BIURAE A 65.97% - 7144 98.66%
KR E 82.32% M1 Ey [RAH G RECH 0.684. FREUBMESL, HoAth P ARt 2 3 A0 T HARAEAY

B¢ 4 n] L, AT 8 FSID_PhSite X B2 % 20 BR A7 st U B BIURME R 47.18% 7 7 M 90.59%
FUENE RN 68.89% 15 [RAHKE RN 0420, LURHAMBLAY, FRETRAL A3 R 45 AL T 22 Z R Ay
Al

B2 2, 3K 3 R 4 BATERT DURIL— /SB35 105 s, Bt2& FSID_PhSite B8 1 KE B AR 7, =
KB RRALAL 25 R AL T 90%. iX BT FSID PhSite A58 0 AERER AL AL SR BIHERA IR =, 1%
ARV RS B0 T AEBERR (b A7 2 B0 K TR A7 s B, DR b v e S MEAS B R 4 1y
(RT3 R A v
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4. BE

FRATHR Hh — kS Bt P Y T DS B 1 (o2 s IR0 A EY FSID_PhSite, R ) 3 2R 12 R H FSID 777
BEAT R AEE 3, AEML IR EE B AR IR 45 AR W], FSID_PhSite A7 AERERR A6 A7 m PR3 1)l b A
LI PERE . FSID_PhSite BRI 7 BERRALIERE 09— AT RERV A BN, IF FG AERERR AL 2 s IR B B Ay
AR v AR

S|
TN 5 BIR IX B R B S B B H (JIEHES: 2015MS0331 A1 2016MS0306)% A8 3 1) 3 ¥
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