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Figure 1 An example of the partially labeled proteins

WEFE AR I, A AR 1R 1y 21 0 = 4 25 40 1) B 1 ol o S AR (R oy e -1, B it [aid o
FLAESERCEAR I AE Y T RE, XA FLAE 8 5 (R TR R — A DR a8, TR AN
FRAEYEERE, R 2 AR TE AT 450 FENRIEE R . AR MRS A
B AR TI 772 481, [ S b S A A= s AN W3R B, — LB A B 3R H T 2 R B AR B T
X FIREE AR AT R AR, e R R R T SRR R IR R AR B R A E B R,
AP TR T R B 0100 [ — AN AR 2 5 2R A ariE s b, B 2 A FEI TR,
A TR AT LAA—Mhic. B0 B8 15 Sh 8 T 7 28 8 0 T e TN vl A A R o 2R e, X
BEASDReARIC 73 AT T 161 33X 20772 2 mE T D Re AR 10 A] R DRI 0% 2 A0 D) B b i AN AR, T
RS FEAS . 31, B9 9038 T 460K T % F000 1) B G A0 R 22 A 2 31 1) LR A T A 7 [10~18) a2 vk id ik
FIFH T REARIC R (DRI R SRAT T 8w B TUNRS 2 . (HIX R I8 s AR A T ARIR R KPR &R, K
a5 R FHARE RN E IR K R

CATFFUR I, ThEEFRIC A2 IR S5 H 08 RTE R R ShRE TN W R ¥ 55 2 R B B/ Y (14100, S5
I AA (gene ontology, GO) fEN—H) Z MM E AR (BEERF =) Wheebriciusl, & H—H
TR HIME R, B 1 AN FEREA—A GO A MJCH B 1 & o], 1B A5 e
B [ 57 Sk Tombric Z A B E IR EE R % &, 10 GO:a N GO:b Fl GO:c IR 5, GO:a N GO:d AUt
JeT L AT EN A E AR EAEM RG], 1A REL RN E AR EAE, ELIHERRE
PER S BB (5 . &R AR DR b e (5 B8 ThREARic M E R 2 RIS s, R st FoR i
ER SR D) RebrRicAs B, RN E AR ME R ThREARIC (B B SEbs A 1% D68, (HiZThRE AR
B bRyE B2 AR L), IXEEER I D REAR DR B R BT ThRE. S T G, EARMREE AR (P,
Py A Ps) WU ShBEARIC I RAE R RBL. AT LRI, BN E A ST febric £ 4 LUE X —4
FE IR B, Z 8 AR R T REAR I R R XA G BT SN AL W Py R IREE M B
GO:a Ml GO:c MK, B RIS AARCIE T & CGO:a (B GO:¢) KIFIMNT . XL INRE /S B A B
Dheetidt—Laith, W8 THEZMAEYZEER, BRAERSE . A CHEETIX— 5B B 7 an 5] H
THREbRC R R JZE VR G5 A6 5% AN B 100 ELAE I, T L 60550 43 T RE 2R 1 R B Thiag (RIK: B v i il 2 A
NSEER) RS A AR B S AT D RE. bR RIS £ 1 5 T A T V0 2H 20T H A DGR BaX A )
SR T N5 4> Th e A B AT D RE VR 9 — AN AT 25 (1161,

TR %035 4> Th e £ 15 1T Dh e o] LAFE K v 2 bR 55 AR 10 2% 2] 7 AT A 7T DT~ 4 Sun
& DT SR —FP 2 ARSI bRIE % 2] 7V, %7 VR AN FIRRIC RE AR Z (R AFTE BRI ARG, B4R id
AL 2 /b B IR BRI AR IC 2 8] 9% R n il — A0 TR RGBT S BEER . (HiZ 5 A 5 @ik ke
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TUHRIR U AROE T, A LA IR B FbR IG5 A Bucak 5 U8 4 —FhEE T HE P R F 4
M BRAR I 59 AR 10 1 777 MLR-GL, 127775 AT LUH AN 78 B AR 10 B A T AR 0 58 4 R RN REAS AR
it Yu & DO & —FhEE T 590510 5% ST DhRE TN U7 vk, 1207 ERE T IR ARic Z AR SR OC R A A
JR C AN ThRE, Tk AL A AR Th AR, FECERA b £5A 8 U AR W — 2B TN O R Th Rk
J5 Y3 T BE R 58 4 AR bR B B RO DI RE. Yu 45 2O i B B D BE AR T B A B R IEAS B, SR
— i KA D RE TN 77 7% ProDM.

SR, FIRFGARIC T I TR A T DIREFRIC Z 8] I7KF G 2R, g 1 R bRic [B]JZ= I 45 46 56 2R 1K
R, S R 254 DIRebR 10 2 IREH OC 22058 LI ReRr S (K 8 0T FLAE 79, 5 X il 2
R DI RE. Tao 55 220 Z55 ThRebric [A) (12 R 45 M AR 1 B AR AN ThREAR G, 8 SCER 15t 2 8] )i
SCREABUT: B2, FE T B B R A BT (R IR &R Ok 2R, P B & ARy S8 2 T00I £ 115 ) T D e
Done % 23] 7E8 15 D) R bR ic R IRAE PG b 45 A a1 s (AR, 71 SCo B Ao SR {20 i T N 2K 2
1S B D e, (HAXSe VAT IE TN T RE 56 4 R AR FR I D) Re. Yu 55 P4 42 H—Fh R T2 kg8 hRid
FIDIRETIIN 77 % PILL. PILL & T-Aric (8] i 2 IG5 50 SR AIBRIC 10 70 A 5 B 8 T —FhbricIa) o8 R
i, BT RE R T A B SRR ThREARIC, A5G 8 T LA TN O NS 43 D e AR 5 R E D R
AT A AR SR 5 BT DI RE. SR 27 VELE TG BR A D BE R 1IC I A5 vh I3 5 B AR L 1] i JE IR S 1
K&, BH P EERZ KR IA T

X IR AR — AR T VR A B & A FUET D RE U 7 v dHG (novel protein func-
tion prediction using directed hybrid graph). dHG [ EZRFEMF: (1) E T IhRetric gt R ZRMEA
it EAEMIRYIE — A R E B (B 1 FoR), BT RO RN DI BERIC R B (2) & A
5t A B D REAR AN S 5 BAE R RAEZ K] E g UhRC 2 AR A, Kbnid 5 8 E T A] R e
MM, (3) TEIZ I _LREAT 5 )8 ShBEA LI U 2 3 BT Th 8. 7ERE B A0\ 2R 8 B st b SEae 45 SRR
. dHG A AR89 O A0 ES 2 D Re 82 3 BT 8 DR, T H. A8 88 T D) 66 58 4 R k0 8 E s ) Dh g, I
PERE BT IE 7. T SCRAHZTT % Bk TAE R BSR4 T VE4E A

2 ETAERESERBIFCHN

dHG 2 i DhREARIC Z 18] (Y e A2 M4 5 SCRIA [ T 4 T L 1 E /5 s BE ML 5 7 8 20 # ke, AR
R B e R R A B E S S RE AL R S AT IR, FE D REAR 1L Z IRl e M g S AT

.

2.1 HEREELHNERIREIE

A R I8 BARSE R M AE Y Th e, XL EAR R E H R R R T N R AR EAER, el
FIRESE AR R A T RE, M0 AR 5 2 (A A LA AT DA S B REAT R, PRI 22 38 1 0 23 R I B
FE A BT RE T pr 12:25.26] X ST7 0l F AT AR S A B AR B R — AR, AR R ROk
(AR AL 1) T AR (BRI ShRE. SCHR [12], [26] AT [27) EARZEAL FE AR B 51N ThBE bR 10 2 18] (¥ G Bk
KEZ, Pei 7 RS FL, (BRI VEEAR AL R I R iR ) L O A DhRE PR IC e B s XUz, O T
SEARXAN ), SCHR [10] 3R Y T — M 1A X8 & K, i EIBR B D Repm i (5 BN RE A1 8 A IR 1 M 4%
#, ZIERR R T IR, (B ERINEREL, BB R D REAR L 8] R R R
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A AR R E B K, AR T DReARC A 2R G Mk & . S E B BAEM AN E 55 DI Re s
CZ A6 MG — R B 1 Fos A RS B %R B PR AR 3 Faa i s, PR
FEDNReARIC T SRR B A 3 R il A2 B S IR . DhRedR I Z R . RE RS T
REbRic 2 (A I, SN 8 B (A AE BARRS, B2 BAEE— 2530, MM DIRET SAFE LR
A, EATTZ AL — 2% AT RUFR 17119 fUH0AL; 25 SRR A B SEA DhBEAR LI, ZE A B 51X
AN yReAric Z A AE — 2% 12

A N BoREARMN, ¢ RoRDIaebric fIAE. A mvR A B b BE AL E n] i BB S
MERFEREHEE W € RICTN)IX(CHN) iR

aWpp (1 —a)Wegp

W= ; (1)
(1 — a)WpF OZWPP

A, Wep € ROXC I Wpp € RNXN 43 BIRIR TH A bRC 2 AR 190 2 I8 5 2R, Wep € ROXN
SR ThREARIC 5 2 A A R MR, Wer 9 Wep HIBEE, o € (0,1) X ThRERRIC T FIFIE F R
1T R A B AT U, 1 — o SFBEHLIEE T M— AT BB 5 — AT B AT . W
Fl Wop M7 RN

Wrr = Dy YaSer Dy s, Wep = DppSep, (2)

Forpr, Spp & C x C WFFE, FoRDIREARIC I BRI 2R, H R A B K78 J5 T /N 15 b e
. Spp &= N x N BFRA M, FonEB R A BEAERMSRE, Drpr M Dypr 258 C x C
[t F AR, X e R 0N Spr BIATFIS IR, Dpp A& — X AAERE, 25T AITEN Spp MATAI
(EHIA).

FAIH, Wep 1 Wep BITHHE XN

Wep = Dyp/>SepDpp/?, Wer = DptSppDyp’, (3)

Hr Sprp € RVXC REE S DIfebric LRI SR FE, 80 ¢ BEIEE ¢, W Spr(i,c) = 1; &
M} Spr(i,c) = 0. Spp /& Spr WA E. Dpp € ROXC Hl Dpp € RVXN B0 fHERE, HXF MnR 7l
N Spr HIFIAIS4T A

MBI 1 AT AR SRR D REARIC 1 f 5 — LR B A SR 8 B (AR, AR SCHEER e A
Dhfe i s e a B A e i A UL REE A — MRS G., HoE LR

G.= vf U {viP|SpF(i, c) =1}, (4)

b oF NIRE TP ¢ DNIIREARICH BRI AL, of ZRE BT ¢ NE AR AL 22 E E A 5
j RBEADIRMRL ¢ I, TR TEAR j 5 G. PENEARZARRHAE, MAZIET £
HABAE. XA BLEART & & A AR W A A AT SR AN G R A R T RE R & 1 5t 2 (8]
A BAR, XL E A OB E 2B RN R A R R sl h pe il g (78,

2 Y e ROTNXC IR C AN IIREbricfER AL ¢+ N MR BRI R R, Yo e ROTY FoR
THREFRIC ¢ RN m ERIAR(E S, Hog L h:

pY
(1-8)YS

Y, = : (5)
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Horp, vE B e DIuEy 1, HAlE 9 0; Y € RY 52 ¢ £ N MERAB LR ER, & Ser(i,c) =1,
W YEP@6) =1/, Ser(iyc), B YP(i) = 0. § e (0,1) WRFRICT SRR (A BT A2 BIALE. Y,
A AEAE—ADBENLITE T ¢ /£ C + N ARl ERIRTIR i

BAFRER AR [EAR FTREIL = IhAE, PRIt — N8 1 B i D RE T A8 B 5 AR B s (1 D RE AT Tl
I 129270 AT [V 4 P SRR b, B R B BE AL B AR5 ARy 28]

C+N
FOO(i) = (1=7) S W) FOG) + Y (i), (©)
j=1
Jorh, O (i) € RE RS ¢ BRI ES ¢ 1 A LB KINREARIC A R, ¥ (1) € RC 27
50 AT AWILERIARIC AR, W (i, 5) FRoRTI A 0 A j Z AR, ©RIPER R LB R AR (51
THREARIE) T8 j ERORRIE S BB 4, BETTHRI A 6 L ThARARIZ A AR, + < (0,1) RRBENLI
ETRBIBE. & FO -y, T

t
FOD — (1= W)Y +9> (1 —)W)*Y. (7)
k=0
v € (0,1), 0 < W(i,j) <1, RRFWE-TEZXIENREHER 0. xR 1m0 S, (1 -
VYW)k &AL, HAR

Jim Y (1 =)W= (1= (1 -m)W) (8)
k=0

Forfr, T e ROENXCHN) AT, (R MR b, W (7) 102 200
F=qY(I—(1-yW)", (9)

M (9) TTRAER Y, BEWTNEE Fdw My $ERIRE, Y M1 w 5B Wep, Wer, Wep
BT S B 1 R D ReAR L RN B 1 2 () ELE (S R, ¥ e dl e B e . PRI, A SCE X AR G
AR R FARIC Z 8 E IR G R R AR 10:12,19.200 FE T EEARIE TN Wep H 5T NI BEARICTT A2
) (1) 2 R A AR G 2R, R X 5% R 9 v B 11 0 T e TN P s

2.2 DNREFRICIEIRYAE RS

KB TE R I A D REAR 1 [A] (R AH DG TT LABR i B 1 5 Th RE 00 (kg (14 15. 241 R Z A 5
ERIH R ZALE R Jaccard Index AHBLE SE IR TN REFRIC Z (BRI R, XL T yE il w A Ry T
PRICZ I KFOR R, IR F BB ReARiC Z A JE IR A5 1 06 2 [10:12,19.20.27] PILT, £35 % 18 T T ReAR
0 ) 7P 28 RN R RO 2, ABLE TN PR AR AR FFR1C 2 18] 10 2 IR Gl A6 6 & (241, 17 28 1 5 PR
ThREIE & AN ThRE 1t — DAk, X Leguib M Th Rk A 5 2 AP %45 B 192224 J ik, Thegkrid
Z )R JE IR G5 K6 5% S AE R 5T KB D R TR0 vh 28 QB L. 7R 456 RN B 1 R DI e AR 10 20 AT 45 B AN
RIARAR 21 20 2 B A B, ASSCRE— R a8 A D AR 1L T Wep HIJT L.

BE ¢ NDIREARICTT R d HISCHT s, N A1 Ny A N ANEBE BT s IRe ¢ M d BEGE,
IhfEkRICZ 1A/ True Path Rule U TTAN N, > Ny 4 P(d|c) s Cr—ANE AR EA 6 ¢ %
HERAA DG d MR, P(de) R0 —MEABREALIR ¢ (B ¢ DAMHABI Y ) 1
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EEURAATINAE d IOBEE. Yo BEHTFRIL (i) > P(dle), BR4 B AR FURBRER D6 o
M, SRR T o ML AL RTHAE, 25— R FURRRIERT ¢ (M6 15 PR e,
VAR R — ARV ¢ W ISR . 612 R A R R R, AR BB N,
F Ny BILLATE S P(dle), T3S LR 725,

Nd];]d, Ng >0,
P(dje) ={ N¢ (10)
1/h, Ng =0,

H, Ng=N.— Ny, h N ¢ BEREZF R ANEL ARSOSD)ebric A PATIE DUEAT AL, 24 d %R
W A PTEE N, B BEEIR N, I, B Ny BUN, RUTGRRDIREPRIC d B8R B BUECR T R,
i Ny ATOCK SRR P(d|e) /N, EH Ny BUNT N BRI, U Ny BOK, KUK DI REFRIC
d FEARBE R Z, @i Ny aTeLE P(dle) R, 4 Ny = 0 B, RIEFREERAEX N A&
FUTR BT MG E Y2 ThRESLIRAS I, RIS B P(d|c) N 1/h. [RI3E, 35 N, =0 H ¢ 5 h NERZ
TR, WERE P(dc) N 1/h. BT HEBARHT DR & SR RE Rt — DAk, XLk i) Th g
TR O RITIRET AT L B, BLER B BT A D BERR iC N BENLIE T, fEDhRERRIC T
FERIAT [0 Jo 3R B LB AT A J7 0] (2R 3 S REALIAE, RERS TR 22 B BT OB ThRe. 4R HE GO Hh—A
TR REAFAEZ A 15 A, WA REAFAE 2 AN ST L, AT DAIRI I 5 — N1 i B Q7 A1 i ) oA
LA™ R, B 1 AR (10) AT RGBT IR OC R TRIR. W12 4 A — AN ERET A ¢ I, AT
DA (10) W15 P(d|d). 2 d BER c FERZ T, FNWE o KT S0, & ¢ N d 1
AT R, BT (10) THE P(d]e).
7E P(d|c) HIEEAl b, A0 T X Spr,

P(d|c

Srr(d,c) = Ed’EChEC)I_))(d/IC)7 1
HH, ch(c) N e THEREZT T RMES. LIRIE—WEAECRIE T —/N0 s ) H B R0 SN
ERIMEZ SN 1. ch(c) AR ¢ A FINT RESEEAW T, — & ¢ B8 7 o BHAHE
TRMEE R a2 P(dle) > P(dle), B4 D)RebRiC d SR, BT ¢ WIS BIE AR 2675 ri 5
HERFR TN . 55— 7 T 2 AE B R SN LI E I RE R, d B SETT A (BR ¢ BAAR) ST ThRERRIC d BT
M2=bE3E DhRebric BT 7E I 2 IR S5 R BE 2 1) R HE-E, FETERE /N T- 42715 L ¢ BT, Bk e
XATUAE H, BT dHG J7iEAMLRE VRN DA 772 R Be 78 23 R H DO R i 18] 2 IR G5 # 8 R IAN 2,
] DU B Rl JRA B TN 2 5 A8 D Re.

3 =
3.1 HIEE

AAE 3 DMARIMEE R EAEM EAESE HE dHG PERE, FK 5 HARA BRI AT R, X
3 MML% S35l 52 KroganPPI BV ScPPI Al HumanPPI, HrFaT 2 AN RIETBERFE, 55 =/ kIET A2
KroganPPI WX 28 o 1 R 2 (B ) AR AT 5 HRCE 2 S0 ScPPT A1 HumanPPI Y RASIIBL T X 2%,
AP B AAEEY B B, W EATTZ RBCE N 1, B 0. XFHA M7 BioGrid) T

1) http://thebiogrid.org/.
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®1 LHRHEEGIHER

Table 1 Dataset statistics

Dataset N (number of proteins) C(number of functions) Avg+Std?)
KroganPPI 2670 564 15.214+10.51
ScPPI 5700 794 12.93£10.02
HumanPPI 19703 2649 44.681+58.16

a) Avg+Std o BN AN B 5K S2) T RE AN SRS B (1) 7 % (Avg£Std is the average number of functions per protein

and the standard deviation)

BORMS, TEHHEIN 2015-01-15, Hd ScPPT FHEERER B AE M 5 K@ T . A XM GO B
W3 2) 235 R (H A 2015-01-15) BERE B AT 288 (1 5 ThAEAR G400 e, s F L b R 2E 03 72 (bio-
logical process) YJRE. IREARICERE B AFE —LEEdR B P9 IEA (inferred from electronic annotation)
IThRErRIC, NEEGEIR TN, S bR e ThREbRIC. TREPRICEE FEASRAL T 88 50 24 11 ] 0 0 e 4ihr
FEThfERRIC, FIA True Path Rule FUI, $23% £ Th §EAR I 1 AL BE S AH S AU LK Th R AR it 2112 5
i E. B AR REbRIC A AN, M DIREFR I AE T LA E A ERZ T RE A RETEIR
S A AR A EERIE T R GRS K B R ARSI e B R i B B AR T 10 ThRERRIE, H
T HumanPPI I REEE IR K, SLb i sEHa bt J@ i B A2 /b T 30 RIZhaghric. Jeflth, 2o
FRAT 55 GO:0008150 (ZEWILFE) XA T RERRIC. S &AEH IR E G M E W 1 Fizw, BL ScPPI
B, HA S 5700 AN AR, X AR 794 DAEIM SRR ICERE, BN ERAFCFHMA
12.93 N IhfekrIc. MR 1 HFa] DUR I, X S E 4 42 vh B A R I D e AR e FE AN 50, R R — L 2 ik
o RebRicE B R ARy T 82 I ThRg, 1 54— 28t B R M D Rebn 105 BB R, A B AR
T/EMIIRE, XA R T R D RebR iCE EIE A — A e

3.2 NTELE R R IEMN AN

NT MR dHG HEERIMERE, A dHG 5 TPR M, MLR-GL 8], FCML 2], ProDM [20],
PILL 24 0] R KRS 2 1157 L RE TN PPN 2 A HE R R BV 77V Naive U 3EAT LU Horbr, TPR £
FEANDIREARICINGR— D 70 2888, BRI RIARIC IR R IR G 0 5 AR AN B S I 2t — 73 R AR 45 R,
T F £ 9 BT Zh RE. FCML £ Green PR 51 N ThREARIC Z A SCHA S S 0N 2 1 R Th BE, A 52
— PP T Z AR ST R AR SIRE TN 7 vk, A TPR —FEBCA e %5 FE 2 A5 S ThREAR I AN 58
B Naive B2 T TIREARICTE S A S G L RO 00 4 1 5 A o fig (. JFCAdof B ARk CUAEAH 6 AR
Tl 7 VRS . XL U SR RIS B B S IR IR 6 1 SO SR B B3 RV B EEAT L. ARSI
ARG EIEE L 5 HAZ XIRIEAL dHG 5 o, B 1y (JEEDY 0.1 2 0.9, DK 0.1), %%
WENa=01,=09 Al y=0.1.

H AT SAALE 22 b 8 15T Dy B Fo0I PP A7 v DU 04 191 350 S gfle DU ANAN [) T 6 e Pl vk PR M e, AN
HITIIN SEAEA R RO PP AE U T PEREBAAE . O 1 E2 8 PR I RE, 18 ROV BB 205008 MacroF 1,
AvgROC, RankLoss, Coverage, AUC F Fmaz. iX 6 N E R HH TIFN Zhrid 2= I ME AR D)
RETRIN AR RE, FE T 4 D2 ARIC5 I EERRIE TS WICHR [11]. AvgROC BT X$ KD RERRIC 735l
THEAEAN R B B 2 BH A4 2 MM BH 1 22 F 22 %6 B2 ROC (receiver operating characteristic curve)
2k, SR e THERSARICXT N, ROC #h2 TR, fieJa v 5L L dh 2 mAR M8, Rz EE T

2) http://geneontology.org/.

467



) IE AR BT AR BT R 5 R D e TR

MHEN. 5 AvgROC AR, AR AUC B Zext 84 & B BT D aEbR1C F0 ) & b i 70 R MR 2/
o AR R RSN EE R BB ThEE N BN 12 ¢ MR, THRX B R 5T b N P
FNMBRBATE R i, PR vH SR PH A RV H 0 7t 2 T BT AR, PLTIT AR /NP 2 R0 20 2K
PERE. AUC HBARE T2 WCHR [18]. Fraz 2 1 BROK R 1 57 2 56 T PP 4 L HERE 1 PP 4 1

0, e A
2 x p(t) x r(t)

p(t) +r(t)

Horr ¢ € [0,1) ZBME, m(t) 2 BMEN ¢ B RASE BRI D sebrid 2 m &b 20 F — s KT
t R ETUREL p(t) = S5 ptmi(t) RAE m(t) DR AR ST, r(6) = SN, ri(t)/N
At N ANMEAR BRI A BRI, p(t) N ANEE T EDIREFRIC I HER R, ri(t) R H
[0, RankLoss 1 Coverage WIELEE/NR 7= TN AORS BE b sy, N PREF— U, s298 7 BA 1-RankLoss 1%
% RankLoss, Coverage WMEIEH KT 1, MUAEIIALEE. X oy U] AN [R] ( J7 T PF- I 2 1915 T g T3
W Re, — NIRRT A B & B 5 — AR

Fmaxr = mtax

3.3 FUNE ARSI THREE A BRI ThAE

AR /N A B SRR TN O 0 2 Th e i E BUB DI RE I MERE. BT GO M REbRICEE BRI R4k
FEHT, 75 LR B A mT AR 08 v TR 055 4 Thiae 2R A BURT T R PR BE . A SCBUE MR
FBR S REARICAE B2 SE 11, B0 AN 8 A B AN T REFRIC I E IR 25 A 1, BEATL IS 5 P v 74 55
X TR, 22 B A T R ) RSO SR D R A S A RS , %1 R Ay — AN A R
I (R T it AT A0 SR, X S B ek ) Dy BE R B 15 RGBT e, B R PRI b A D e b 1t e
FERR, SR m R —NEAFRSRARICEE, Gl m =3 RIXEORE 3 S UIRekia
L (BRI, R — AN F R DI REARICECA . m, A2 H A bR B, 12 RE R H —A
hRetric. BEETH /N E ARSI REPR L 5E 2R, NIRFRE AR BAEM 451, 1X 8
AR B TS ge v AHANAE IR S8 2 1 5T b B i A A S M e

FET BRI E, RS N AN AR FEE N IR ATIAALE, 5 RN 8 R AL RS,
m NINEEFRIC. SN T IR BELE R s, fE AN B R A AP AN EIEE S 15 OB FENLSEES, I
CFE NI EIETES B m T 15 UCPIZER. R 2~4 045 XL 5ETE KroganPPI, ScPPT Ml
HumanPPI b {5284 B, 48 RUAMIME £ 72 (avgtstd) R RFR. Fh | oo, Sikmt
ReflEr. RAPOIMLA LS BRI HAER TR (95% BEE) PEER T HMEE R, o5 mss R
To i M £ R . HumanPPI @R K, MLR-GL fil Naive HFUMIHERAEH B, SEOGEHN EE Fra
M AUC 1Rz AR FERT, ISR 4 P REHF MLR-GL A1 Naive /£ HumanPPT | )45 5.

M3 ARATLIMEL ] dHG 7E 248K 2 305 BB RE AT B At 0T LU SRR R IF 25 R A 3 s
£ LR 54 FXFLESZEG T, dHG FI45 R — BT PILL, ProDM, MLR-GL, TPR il Naive. dHG Al
FCML 7E B F b SIe HRiAg 1AL e R gh 2R, 72 FH ot L siieh dHG il 534, T ProDM
A FCML FIF 7 IhAEARIC Z M /K25 &R, PILL S AR T hREARIC Z 18] /2 IR E5 H 5% R A/K T 5%
R, ARG T IR E T7% Naive B AFAZE R, X 3 BIAUHOM T D Be bR 10 R 2645 J2 ek HEmf Fiel
HEBRGHITIRE. 21X 3 N7k, PILL 3719 18 ProDM Ml FCML S & )45 5L, X Ut W DhRgbric
Z A JZ IR G5 O R AE R R Ih e T Hh 22 6 S 22, {H PILL 7ER 2P0 & L4 Ry dHG &
%ﬁﬁﬁ, RPN EE MacroF1l. FERERZE MacroF1 ";ﬁﬁ/ﬁ@?ﬁﬂ*ﬁgmﬁﬁimI‘iﬁ'é?ﬁ”ﬁiij(,
PILL £ ilfiti 85 B 50T Dh e 0 A2 v I A H RS D REAR 10 Z (B SR IREE R R 2R, 45 Dy 4t — SRR BE 1)
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Table 2 Results of novel function prediction for partially annotated proteins on KroganPPI

Metric m dHG PILL ProDM FCML MLR-GL TPR Naive
1 95.16+0.10 93.27+0.03 83.28+0.10 92.7940.15 17.53+0.11 26.70+0.14 2.9740.05
MacroF'1 3 86.53+0.15 83.44+0.18 74.46+0.46 81.994+0.32 17.26+0.24 24.81+0.13 2.95+0.01
5 T77.75+0.25 74.81+0.34 65.06£0.27 71.92+0.57 16.80+0.32 22.70+0.24 2.9440.01
1 99.61+0.03 99.45+0.04 97.10+0.01  99.424+0.05 50.27+0.20  63.59+0.02  49.08+0.00
AvgROC 3 98.38+0.07 98.12+0.07 95.65+0.04 98.12+0.07 50.83+0.20 62.25+0.06  49.0840.00
5 96.72+0.08 96.43+0.06 93.78+0.09 96.48+0.07 51.31+0.51  60.93+0.15  49.084+0.00
1 99.74+0.02 99.48+0.04 96.2840.04 98.39+£0.05  32.39+0.27  38.394+0.05  84.04+0.02
1-RankLoss 3 98.92+0.06 98.00+£0.11 95.95+£0.02  95.64+0.07  31.99+0.37  35.86+0.04  83.51+0.04
5 9790£0.10 96.32+0.10 93.07£0.08  93.39+0.15  30.70£0.42  33.06+0.05  82.9040.04
1 99.28+0.00 99.16+0.01 98.10+0.00  98.66+0.03  51.184+0.25  73.76+0.02  83.75+0.01
AUC 3 98.79+0.03 98.39+0.04 97.36£0.02 97.094£0.04 51.33+0.35 72.87+0.04  83.52+0.01
5 98.05+0.05 97.33+0.04 96.39+0.03  95.424+0.07 51.16+0.19  71.814+0.03  83.1940.02
1 95.01+0.04 93.56+0.04 82.62+0.01 90.41+1.30 21.68+3.65  39.15+0.04  39.03%+0.00
Fmax 3 86.54+0.10 85.06+0.04 73.87+0.06 79.87+3.83 24.404+2.43  37.944+0.08  39.03+0.00
5 7861+0.18 76.94+0.02 66.2840.05 63.40+14.86 22.98+1.40 36.44+0.08  38.76+0.15
1 27.49+0.30 36.95+1.14 60.41+0.24  77.57+2.67 532.21+1.22 426.35+0.81 353.70+0.82
Coveragel 3 58614234 79.70+2.74 100.65+1.44 157.88+3.04 540.90£1.33 454.46+0.79 379.70£0.35
5 9528 +3.58 125.69+2.60 143.28+3.01 214.93+3.11 543.44+1.61 479.97+1.26 384.96+2.14

Dhebric Tl o 8 i FT DhBe. 1 dHG 758 H U Dh R TN 1 F2 o 26 58 T Thee s ic Z (a2 Ik 45
P ZR, TR R8T T B 2 % 8 (1 0R CA TORE AR IC T s 7T 0, I IR I Th e R s 4l M
VM EER: Coverage BISS RN, N T 55 S E R e B DIRebrid &R &, dHG EDhRebRic Bl m) &
P B A P N T oo by, L adonst bl & SFAIE B T AR SCH HE A Tl VR A R 2R A S0HT ShRE Tl
WA RE.

MLR-GL ()45 5 5o H P e a6 4% F dHG, PILL, ProDM F1 FCML, A f¢ (K] JE K /& MLR-GL
SR FH BR) 2EL i R k2> HE 7 451 2R 1) SR S S AN B IX P b TR AE 7 J2 IR S5 74 96 5% 1) 2 1 Jo D) R TR i) 8.
AR R MLR-GL % T AR 73 bR ic (I ZRE AR O 76 4 RAREREAR R bR, FEARIEX 250
EPRCFEAR ML T, TPR R T A0 2 B2 IR MK R, (HLEH VPN B & FAKT Naive
T, BRI B0 vE R U R B TN R B B B ) D RE AR 10 A2 Se BRI, R T X 25 IR
AN SEBARIE IR A, AR IRERRIC N ZR— D 40 2888, FERHARIC IR 2 IR G5 M o R RE &
XU T RIS R R TPR 7EENXT 20 B VPN E &R AvgROC 3R TH Naive 1145 3. (H
TPR TEVF FE & 1-RankLoss 1S /2KT Naive, JE R & 1-RankLoss {i it G 8% HERGHE P 5O T BEAR D
(153 2 ds, TR PR LT IE 47 [F] Naive —2K.

TN ThRESE 2 RATER B BRI ThRE

ASCERAT T 53— HSLRRAG I dHG A AU EE 7595 000 58 4 R WRTE 3 A BUBT Dh RERIPEBE. &
RrPRENLILERE 80% EEBENIIZREE, FIT 20% M lkEe. ST A Sei s BRI, Xl ZhEe b
A BRI m = 3 DIIREARIC, F 2= T IX LER REG A 70 DI e b ic 1 B B T il s

3.4
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Table 3 Results of novel function prediction for partially annotated proteins on ScPPI

Metric m dHG PILL ProDM FCML MLR-GL TPR Naive
1 9451+0.04 92.724+0.12 82.85+0.09 91.02+0.11 8.361+0.31 26.39+0.17 1.86+0.05
MacroF1 3 85.10+£0.14 81.25+0.18 72.68+0.14 80.20+0.15  8.54+0.15  24.26+0.19  1.8740.07
5 75.69+029 70.6840.34 62.37+0.21 69.03£0.26 8.724+0.32 21.70£0.19 1.86+0.03
1 99.66+0.01 99.44+0.03 98.40+0.03 99.56+0.02 50.844+0.39  69.65+0.04 43.05+0.00
AvgROC 3 98.60+0.04 98.08£0.08 97.03£0.04 98.57+0.04 50.90+0.45 67.46+0.13 43.05£0.00
5 97.03+0.12 96.07+£0.10 95.124+0.15 97.09+0.09 50.33£0.63  65.31+£0.09  43.05+0.00
1 99.78+0.01 99.48+0.04 98.52+0.01 98.25+£0.08 44.77+0.76  40.174+0.03  85.8140.02
1-RankLoss 3 98.73+0.25 97.84+0.08 96.79+0.10 95.20+0.05 43.264+0.43 37.70£0.08 84.86+0.02
5 97.79+£0.28 96.14+0.12 95.60+0.03 93.01£0.08 39.50£0.86 35.17£0.04  84.37+0.02
1 99.50+0.00 99.37£0.01 99.37+£0.00 98.83+0.03 46.95+0.84 77.72+0.01  85.41£0.00
AUC 3 99.02+0.06 98.57+0.03 98.36+0.01 97.224+0.03 45.13£0.40 76.79£0.03  85.11+0.01
5 98.39+0.07 97.48+0.05 97.82+0.02 95.594+0.02 42.33£0.55 75.73+£0.03  84.80+0.02
1 94.55+0.04 93.76+0.02 83.51+0.01 90.24£0.08 15.36£1.01 38.39+0.06  37.034+0.00
Fmazx 3 85.08+0.10 83.75+0.03 73.10+0.02 80.414+0.06 14.07£1.47 37.30+£0.10 37.03+0.00
5 77.36+0.09 74.85+0.06 64.82+0.14 72.474+0.07 12.57£0.76 35.76+£0.06  36.74%£0.00

1 26.19+043 40.39+1.14 67.45+1.34 93.19+2.75 744.75+3.61 588.31+£1.55 448.04+0.94
Coverage | 3 67.85+7.32 100.04£1.37 105.04+0.96 209.63£3.11 758.26+2.59 626.16+1.20 480.93£0.98
5 113.13+8.15 166.36+£3.02 163.94+3.03 291.82£1.37 767.56£3.31 652.24+1.31 497.70+1.06

JRE D Re, AT TN 2 R AR A A D ReAR L R EUER, VRN AR RE. K 5~7 B T
XS UL TE KroganPPI, ScPPI Al HumanPPI E 15 XM 5 2 G F X 45 1. 51—/ H
JRRZAL, F 7 FARMHE MLR-GL 1 Naive £ HumanPPI _F /)45

MIXEEZE RATLLE H dHG A PILL el GE 3RS B A EL L B AF 25 . dHG 1 PILL £ —4%
PR L AR RIS ML M REIEAE 45 R, B — e A RFRSE R, R EERAET PILL T
A (R8T DhRE bR C R B IBOM, 5 A — 5 IR BE PR T, (X SR RE D) RE PR 8 () B B B H e 2, R
P15 ELAE X AR 28 A et o T e At B 1 0 11 [R) 2R D e AR 1 52 e, AT B2 KR T B BH 2 T A %o T
MPERE R RZM. 5IARLE, dHG AN I ThRE bR ICRL B FCA, X Le iR B Thaebn i B E i & B /b, 18
BB A A 1 3 R P Al K B (KPHERE P Th B RS R, ZH0RE 5 T B 1) 9000 MR 5 TR LM B AT, 3 17 2 i e ¢ 1) 000
K P, dHG £ HumanPPI _E 45 B4 T PILL, R ZEIEEFEAREER L, Wk
(10) H (1) iUl AR X A HERA.

TPR {ET CLRNFR 7> D RE & F B AR Dh RER SE g h, FEVFIT EE R AvgROC A1 Fmax L, AR
RIFEL ProDM 1 MLR-GL BEHF S5 R, JLEITE T TPR XS 78 4 AbRE 8 50587 2 e Fll i 72 o,
AT ShEEFRICIE R IR S H R AR B T iR 2L M AR, 1 ProWL Al MLR-GL 2R & 35U F 2h
RERRICIE] R JE IR S H O 2. IR BE S0 25 AR WA B 1 Jo L RE TN F o6 20125 18 Th AR 10 18 (14 J2 IR S #
%, dHG M PILL 7£ 8 F 5 D RE TN AN R BRI 7 3 2 IR R 5% 2, DR T SRAS A HL Al SR S 4
N
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Table 4 Results of novel function prediction for partially annotated proteins on HumanPPI

% 4 HumanPPI L2 NEEERRFIRETMER

Metric m dHG PILL ProDM FCML TPR

1 97.42 +£0.03 97.1240.01 86.39+0.02 68.09£0.01 15.6640.00

MacroF1 3 93.64 + 0.05 92.32+0.01 81.74+0.02 65.17+0.04 15.47+0.01

5 90.17 £0.05 88.07+0.02 77.5240.07 62.58+0.03 15.2040.01

1 99.84 + 0.00 99.24+0.00 98.56+0.01 96.08+0.02 68.40+0.01

AvgROC 3 99.41 £ 0.01 98.03+0.01 97.89+0.01 93.08+0.01 67.70£0.01

5 98.87+£0.01 96.99+0.01 97.21+0.02 91.58+0.01 67.03£0.01

1 99.87 £0.00 99.68+0.00 99.37+0.00 84.7940.01 44.754+0.00

1-RankLoss 3 99.55 + 0.00 99.02+0.01 98.60+0.01 82.91+0.02 44.2740.01
5 99.17 £0.01 98.34+0.02 97.84+0.01 81.1240.06 43.8140.02

1 98.85 + 0.00 98.75+0.00 97.50+0.00 73.14+0.00 72.79+0.00

AUC 3 98.66 + 0.00 98.4140.00 97.13£0.00 72.80£0.03 72.65£0.00

5 98.45 + 0.00 98.05+0.00 96.74+0.02 72.33+0.07 72.50+0.01

1 98.22 + 0.00 97.71+0.02 86.36£0.01 72.90£0.03 34.86+0.01

Fmazx 3 94.73 £ 0.01 94.17+0.01 82.83+0.00 69.31+0.67 34.71+0.01

5 91.26 + 0.03 90.70+£0.02 79.4010.01 66.09+0.37 34.55+0.02

1 191.20 £ 0.56 335.56+£0.54 425.05+1.61 1580.94+0.70 1958.94+0.46

Coverage | 3 354.36 + 3.67 574.78£1.19 645.86£3.74 1813.44+1.88 2048.6£1.73
5 483.96 + 3.31 728.72+6.80 809.31+£6.00 1946.84+0.20 2105.1£2.29

# 5 KroganPPl FRE2KRFTIEERMFHTIEETUNLE R
Table 5 Results of novel function predictions for complete unlabeled proteins of KroganPPI
Metric dHG PILL ProDM FCML MLR-GL TPR Naive

MacroF'1 32.70+0.48 34.31+1.18 24.79+£1.09 27.51£1.10 3.14+0.20 21.83+1.62 2.90+0.23
AvgROC 67.92+0.45 70.42 +1.82 57.54+1.37 66.32£1.82  47.01£1.67  60.31+0.80  48.90+1.06
1-RankLoss 88.04 + 0.92 76.18+1.16 73.33+0.53 57.64+1.16  25.03£1.02  32.56+1.78  83.30+0.59
AUC 89.30 + 0.64 78.77£0.55 73.77+0.45 63.53£0.95  55.90+1.02  71.89+0.77  83.43£0.38
Fmaz 42.12+1.04 46.31 + 0.87 27.30+0.88 38.46+£0.55  16.99+1.30  36.07+1.11  39.74+0.99
Coveragel  227.584+9.75 137.45+2.97 312.02£12.07 415.13+6.31 529.46+3.44 465.81£6.13 376.69+6.12

3.5 B LEITRE ST

R G & EERI R E, 5 3.3 /AN R SEE W B IR, ARG T RN EIEEA RS
e ERS AT A, HAGRAEYE 5 OMALIZ T (AEFEEN EEE) PR R E fER 8 . Sl
1Z17°F 5 N: Linux OS 2.6.32, Intel Xeon E7-4820, 64GB RAM.

R 8 AIA dHG HYIs AT I [A] S A zs /N T HAAH S0 EL 8%, MLR-GL F) FH A6 i A s /MU
AT 2 (A 5 D RE, PRIHARSE T SCRF Ml AL Se e N B B AT T, By DA TR]FE 9f KT oAt x)
FLBE, AR TERE AR BORRR L A K B 4 . FOML 75 B4F 08 15 HAE X . R S BCAE [
THEARAEAB 53 fif 1) R, ARAEAB 23 ff BB TR S22 B D O(IN'3), PRI G B [A)E 2% th LR K. ProDM 75 220t
SEREAR 2 [ K F 58 R AR IC 5 B 5 14 2 1) R ARtk B DAL B TR)E 3R 50K, (HI /T MLR-GL
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Table 6 Results of novel function predictions for complete unlabeled proteins of ScPPI

Metric dHG PILL ProDM FCML MLR-GL TPR Naive
MacroF'1 30.11 + 0.68 30.25 +£1.07 21.24+0.92 26.014+1.50 2.161+0.43 21.73£1.24 1.92+0.07
AvgROC  76.79+1.06 76.08+0.31 64.43+0.23  76.05+£0.64  45.554+0.83  64.57+1.28  48.87+1.43

1-RankLoss 91.42 &+ 0.28 78.16£1.03 59.28+0.18 62.00+1.16 32.4942.31 35.43£0.94 84.5240.23
AUC 92.31 + 0.26 81.55+0.59 65.64+£0.26  69.404+0.97  36.82+1.46  75.96+0.27  84.71+0.25
Fmazx 36.95+0.69 43.89 £0.91  32.93+0.82  37.92+1.11 8.98+1.38 36.26+£0.86  36.68+0.73
Coverage|  268.09£6.70 196.70 4= 3.87 482.00+0.53 552.65+3.50 767.96+2.99 638.79+8.55 487.69+5.91
& 7 HumanPPI EE2RIFTEEBRIFINEETNEER
Table 7 Results of novel function predictions for complete unlabeled proteins of HumanPPI
Metric dHG PILL ProDM FCML TPR
MacroF1 18.68 £+ 0.68 16.031+0.56 12.24+1.18 9.20£1.50 12.8540.34
AvgROC 65.77 + 1.06 62.57+0.61 60.321+0.42 49.45+0.64 61.22+0.62
1-RankLoss 86.61 1+ 0.28 70.10+£0.17 70.03£0.73 53.58+1.16 39.86+0.98
AUC 85.24 + 0.26 73.054+0.21 66.48+0.43 50.9640.97 69.91+0.42
Fmaz 26.95+0.69 35.55+0.11 10.86+3.46 28.82+0.36 22.28+0.26
Coveragel 1441.5 + 27.95 1938.248.47 1805.8+14.63 2435.3+13.94 2153.2+13.14
*® 8 XELBESRBITHIE (s)
Table 8 Runtime cost of comparing methods (s)
Metric dHG PILL ProDM FCML MLR-GL TPR
KroganPPI 5.06 63.82 107.63 322.25 396.27 17.29
ScPPI 14.32 162.63 271.91 1086.24 1446.24 54.43
HumanPPI 278.24 2131.45 8186.77 61065.61 241483.19 16451.44

A FCML. PILL 75 EHeTHHIhREARIC 2 [0 (/KT % RAMUR RS R R, Tifl 88 s M ohfe, # it
ITHET R B R ThRE TR, BT LAJCR [RIFE SR 4 dHG K. TPR JefE8E (Al BAEM Bk AT 5T I &
FR S RETIN, P2 T DO REARIC 8] (KR IR G54 R AR X L T, Py DAL (B #E % KT dHG, 4F
BIEAEFEARBRC B EOR e 56 . AR N dHG @I RERR LR R 45 0 2 B AN E 1 ok
BAREMEE S B — MRS A B, B IZE BT A i 2 S Sh BE AL AE T & 5 B D Rg, % BxT
S FR) R ERRE RO D i R, R b G o )R R B A o U BV R sz 2 SRR A SR K dHG
SR BESRAF RN SR T35 B i O FHEINAS 2, TR AS B v R .

4 LHRE

ONEE R BEAE R ELVRAR R DhRERR T2 A5 B A HA% O 1) L —, BEXT S RiT A #1152 e Tt
JTEAR BERUS A FE D BEARIC IR (2 IR G5 H R RSSO bR 8 F R BRI A5 B e B AN 2
AV T —F R B TR DI RERR 1L Z 18] R IR G5 # % R/ R D REARIC 5l F RN R &R, SR
TR T AR A B R E B SO DI RE TN T i dHG. SR SRR, dHG Re 8 JAF R AR ST
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Novel protein-function prediction using a directed hybrid graph
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Abstract Proteins carry out various important activities in an organism. Accurately annotating their functions
can boost the advance of life-science research and application. High-throughput techniques generate such a large
volume of proteomic and genomic data that it is beyond the capability of low-throughput wet-lab based tech-
niques. Thus, computational model-based large-scale protein-function prediction is one of the key tasks in the
post-genomic era. Current machine-learning based methods often focus on predicting the functions of completely
unlabeled proteins. These methods ignore the incomplete labels of the labeled proteins, and hence have low
accuracy. In this paper, we design a directed Hybrid Graph (dHG) based on the gene ontology hierarchy and the
protein-protein interaction network. Next, we use the dHG to predict novel functions by performing a random
walk with restart on it. The proposed dHG can predict not only new functions for partially labeled proteins, but
also new functions for completely unlabeled proteins. Experimental results on proteins of yeast and humans show
that dHG, across various evaluation metrics, achieves better results than other related methods, and costs less
time than these methods.

Keywords protein function prediction, machine learning, directed hybrid graph, random walk, gene ontology
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