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Abstract of Master’s Thesis
Academic Year 2004

Genome-Wide Prediction and Refinement

of E.coli PPl Data Using Bayesian Approach

Summary

Construction of genome-wide protein-protein interaction (PPI)
network is very important to elucidate global picture of intracellular
communications between proteins, particularly for model organisms
such as Escherichia coli, although number of available PPIs in £. coli
is limited so far. We constructed reliable E. coli PPl network using
PPIs collected from the literature and those obtained from our
His-tagged Pull-Down method. Characteristics of PPIs reported in
the literatures were analyzed and they were used to select reliable
PPIs in our experimental data. In particular, we evaluated each
interaction using 7 indices, i.e. gene expression pattern, phylogenetic
profiles, experimental reproducibilities, motif-motif interactions,
gene essentiality, conservation of interaction in H. pylori, and
participation of protein pairs in the same operon. Indices were
integrated into probabilistic framework of Bayesian approach. Using
PPIs reported in the literature as positive control, we showed that
our method can select reliable interactions from set of PPIs obtained
from the experiment.

We integrated the experimental PPIls refined using our
method, with PPIs collected from the literature, producing as much
as 3,667 interactions connecting 1,277 proteins and it provided
insights into the novel functional roles of various proteins including
uncharacterized ones.

Key words:
Escherichia coli, Protein-Protein Interaction, Bayesian Approach

Keio University Graduate School of Media and Governance

Seira Nakamura
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1. T AI7RZEBITH PPl OALESIT

AR, 7/ LT7ar ML TELOAEMFEOBE FIERB ARSI, b HRIZTESX
NI TEED, B FIHFEOL TIEb LRI L2V, DNA 721 Tidzel, ARmici
B2 20 FIRE ENTERY, ZIBITHMA THE LG, MO SOSZITWVEWRDBA M
TEENAHERFL TS, LL, ZNH0 5 FOFREEEIIZ K ThoT, Bk (7 /L), s
GREW) (FT 2 ATV T N—10), 2o’ E (T aT 4 —0) SRAHPEY (AP R o — L) 2L T
NENEBDOER TR DT —F~ A= T BHEATWD. 2D T, IECHIER, 1
RV T F MRS, Z<OEENBRIZED> THWDLONR 7 a7 A —A] T, ZOFHEITA—AL
FUT <o —U—RKZ%D Wilkins KIZEVIRESNTZHETHD.

TaT A — MERILT ) LG RE LTSI > TWDT), T a7 4 —AFT (7 e 7 43
IV, 7/ LT ey MCEDTEHEALS - e DI 7E 0 B CThDH LW 5. DT a7 4 —2A
HHRDOIG, Box BHFFEETT> TNDDIXZ L RTE WML DB 7 LA (R EAVER) T 515 3
THY, HE-CHEESM O T 1T 4 — LD RE TR X 7E MM AA/EH (PPI:Protein—Pro
tein Interaction)EEWEIRAEA L TEY, PPl 7 —XBAFIZEB W TH IR 2 IE#RERD. 728
TEIZBN T ThNTWA T BT A I7 AL PPl 25D TUL T DI D0 H5.

1-1.2>37'E 8148 A.YEF (Protein—Protein Interaction)®#hH

AERNIZRIT D2 L, BIRTHREZ AL QD EWHZEIID 7, Sz 3 7g
L EAERZTHZETHID THREE A T 258 NZNIERHLNTNS. 2056, FEREOH
RITE o RPEEVHEDIE, 2RO BE/ERICE S TERSITEE AR ThHEN->TEL, v
NI7E R HAEAPPL: Protein—Protein Interaction) D ki3, HEREE A BAT-OIZIETICH
WIERTHD. £z, VLD 7T M DD R E OB 7e e filt,, FHEAEH
IZEDHDTHY, ENOLDIEREFLHZENE, ROV 7 T NABEFE O AT AMERICIEF ITH
722 LTHY, BUETIEZOHMHAEENAHED DIV TS, PPL IZBET 2R FIELL T,
Yeast Two—Hybrid {£X°> TAP {EE W o724 AA/EH OBAFRAI LR, NMR <> X B s T o L5
IR RO AREE TS M E1SD, FRIEZ DT DO FIERH I DD, KRB EIZB VT,
PPl D32ER T — 2 88 & (T Hii> T o, [3]

1-2. 7 BEF b DOBEF DR E

AT OREET, FEADOZ L G —R L QD a T EE O H1EEEZ V). ks
LCINRTFRIARTAH =TV Ty TR — 7 o —C X7 I RS IR E S VD
N5, 7 AOEIEERDRHIVE, FIRRSND T/ BESNI TR TED7-0, ZNHERAET5Z
LT, bEERDBAR A I E T HIENTED. B FHEIE I ET HENDZEIE, DNA I
B A EBEREGONDZETRD. EITH L NTE AT IR DG OB O W FE A 72 FEEE X



PPI SERWHHBEN B2 LM 002> THY, FE, FEZAEMIZB W TRONDFETA e Al LVER
BEINDLZ L RIETN—TIEHWIHALEHL TS ATEEMEA EV . [48]
2001 FTIEKIGH IZIBNT, 364 ARy D N K 7/ BEECS DN KA — 7 o — I K0k E
SIZ[1]. 58 429 AL DOFFIMRESHL, ORF b 90%LL L [FlESh7z.

1-3. 2 R EHEE T

ez, TIBBANDRGES TNDZ LRI ERT Tho>Th, ZNENNFRICLORHEREE A
T B —ANIFET DHIEMBAONI 2o TET. UK R EOREEEDRN VT LH — R &I
EALEDTIIRNZEEERL TRY, 51%I134 /7 OREREL = Ak 1 LIRS D 215
DUFFEDFER L T EE 2 HILD.

TR I 2 SEBR AL E R D TEIE NMR 0 XGRS ST 72 L 3MFET 5. NMR I, B
AR WO A AR N T2 HIET, aAMCKRRZET 5260, @0 FE2HH5ZEM
RATRETHHZ LR E NS N TS, Fi2— 0, B EOBRI 2 Y T HET 571k
THDLXMEE BARNTIL, 50 TEFERESEDHNERHY, BIRBIENTE VI, EEO
HIR N BR B & 1A <§%fxé&b\oﬁﬁﬁtﬁ HAEESIL TS, LLARDS, ZRHD IR EF e
T BEEBNOIERNDIL, — RAEE o LAREIE OB BT IEES LI LN TELEMFFTELHT0
ZNOOHAIMEEZRHL, ATy —1ES 3D-1D 1E[2)7eE, # /™7 EDONAR T %:ﬁﬁ':{f@
B MNEA TETCWD. RERY—IEEWVIDIT, BRI AR EE WA GO CWDE L B L
FRRIMED BT BRSO Z o R VEINAFAE LTS &, ZOMZ S IE, SLRREERIC
LELCWDZENRNZ D720, SEEHEEE RGO TNDZ T EOT IR, ZDhoX
LB ORFEMEE SN GIETHS. o0 O— RIEE DT HITE S ICHi-> T\

B, ZOFEFIEMBHASN TS, 3D-1D EEWHIDIL, SRS RE T BRECSE SO
B EZ T RHMmBAEEERR L, &SRS ET TAL AN T HIETRAT Z D), Aa7 H Eff
DHLDERS T ETHD. LL, EOFEEHWEELTY, Zo VB OEILRLE | )MF
TETD1FD, fd LSS CT ORIZI AR AMEN LI TR ew, BUIR TIER&
IR IT R IE eV 2 D,

B R EBIRRCE A RO N IR EE BT AL T, KX\ TE B T A EAERNL %
SEARBNHR T A LN TED. LT IV BERLSNN SR FEMED @SR TR CE L L9178
D, 2B DEINOM AAERICBI DD AR E T D LM ATRRIZZ24UE, M AVEREITY T
DEGIRDEEZD.

1-4.2 37 EHRe T

TaTAIT AT DA BT Z B OMSRER & ThHEE 2 5. EREORMER, fif
BT DG, ¥ 7T IARES OBRENE S ERALN R -T2 E, O EITT / A0h
TRV T =L, AR — DNEOEFROM RO TE, EMmEFEA~DRER—HE725.
BUE, 2o I ERBE IR BT D H G (LIRS X RV E MR BAE 728 W23



ERERE T I BHEIATONTRY, DS EROERETHIFIEL, BEatkiEs <7 EH DM
[FEZ RS2 550, FF—72HWbOThHS. TF—7 L%, EOHEEZ AL TV DHHX
PRIBRCIHBEL TIFEL CODESN DO ZETHD. MBS /B RSRERR 28R 7 ik I3R
RSN TRV, TI=T 44— a~ I T7 40— TRRINL X R gL, FsEDa
T T —SNETRIBR B RLE I TLA L S D MSIMS aw b H L4502 7S 7 T RS hE
FEMT IR ST D,

1-5. FaTAITRIMERT —H

TOTAITAMEIRE R, BAEA T TG TEDLDONE . B AR S ®iT, 7
R OBIIEROMEE TG H, 7 /T —vay, EEEZIREM T AESIE R THHETF — 7R A
ANER, T TH T EMMAEERE RS THD. LLTFIZENLDT —F_X—2%EN T
5.

T BRESNER-T )T —av
SWISS-PROT (http://www.ebi.ac.uk) SIB & EMBL-EBI O3[R~
PIR (http://pir.georgetown.edu) NBRF
GenPept (http://ncbi.nlm.nih.gov) NCBI
PRF/SEQDB (http://www.prf.or.jp)  # /S B Rf7e 54

R SRR
Protein Data Bank(PDB) (http://www.rcsb.org/pdb/) RCSB

BioMagResBank (http://www.bmrb.wisc.edu/)  University of Wisconsin-Madison

“EF—TRRASER
PROSITE (http://www.expasy.ch/prosite/) SIB
BLOCKS (http://blocks.fhcrc.org/) FHCRC
PRINTS (http://umber.sbs.man.ac.uk/dbbrowser/PRINTS/) UMEBR
ProDom (http://protein.toulouse.inra.fr/prodom.html) INRA

Pfam (http://www.sanger.ac.uk/Software/Pfam/)  Sanger Institute
InterDom (http://interdom.lit.org.sqg/) IICR

G E R EERE SR
MIPS (http:/mips.gsf.de) GSF
DIP (http:/dip.doe-mbi.ucla.edu) UCLA
BIND (http://www.blueprint.org/bind/bind.php)  Blueprint




BT = RX=ZAMNCBNTERDY VDAL T 278, BEEL T —203h 572, 3 TI
HONZENTWDZ L NV BEDOSES ERF WA ST ZENTED. SIREIECH 7B
FMEAEROT =2 =205, B A OHEY — /L (Viewer) DEUS N A RETHD. £z, Zhb
DT =B R—=RA LT T T =R LD T —Z DGR TEDLEZANL N0, fRITHFZEE O
WAL DA VT NI RIS D2 L3 ATRE TH DH. SWISS-PROT 72E1TlE, 7—4DH
B, HOVEWRIEREBEL NIRRT AT AL HHT-0, L L L TH D a— R EfRT
L TITOZEMNTED.
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2.Protein-Protein Interaction
ZDOFETIX, o 7 E R EAEH (PP D EERSCF DM IZ K58 LS, BiiS rlag7s
PPl 5 — X DFEMI(AR T —4, 74+ —~<vb, #H HIE)EZHE N9 5.

2-1.AERRNIZEBITS PPl O&H

G EORETINCIL, 2o "V EBGRERE IS T 528 A HTHHZLITRTE TR
N BEOZ A TEPHAEER LS ZETHIO THREZA T2 RKEL T, BEEREHk
L CWAR X RIENENENEEIREL COREBEICHAERKREER A ZHL TR, T1E
BB DIDHIETEDMRRR AL DR E S, A1 THEAIREL TRRLIZHERE G707 8
EZ 5. BlZIE RNARY A7 —E1L DNA 236 mRNA Z A T HHE 5T D)% EIZ R LT\ b
S, ZOMEREA L ZT D72 DITIE7 BT — X — &5 A D EALR, DNA ~OFEAERALR> RNA
SOiEG AL (), %LT%#’L%%’D@%ébﬁé%ﬁﬁﬁi‘%ﬂ%h%\gkiﬁé ZDID, En
N—DDH L RTENRIT T, EORREER R->TLES. 20D PPl IZLHE A REERE D FAEIIX
£ BRI B W TH R END. RNA RUAT—B X2 TOEY O A MIEENIC /Ert,c&//\ﬁ
B ThHDH. DT, LUFRFIEME O RNA RYAZ—BIZI2 TR BRAITHE ST DB HE <N
(X, AU S 1 0D A iy (ﬁb%%ﬁ:éﬁéﬁi% GL72%. ZOXIRPIAWE TR TRL,
TETERIEE OB 72 E, ERTEFICBUWTH PPL WO B GUIHIFFESITVD.

F7z, R E B oy (S jc’a°<5'e'ﬁzoofu\é°/7“+wci, ST FIAREREH AT DR
EH DAY NT —IETERL TERY, SMBERBEDO IS LRkt in g FEB T 5. 2D
TF VDB IZ ST E R RELDD DS TEY, X IEDOV G ED Y T BRI
BIODRERED, HE DX I BIZBITHRAA L DA EDREIZIVEERIND D, TNHDHE

REDFREBIZIL PPl DIFRBR AR THSH. ZNDIZEDT 7 FIARER R NI — 7 Dfig L, 77
/%'ﬁw;ﬁ/\, PR MR RS DR RO R A SMNICTDIENTELET T, ZRbIC
IFORIEAI DAL I AN THD.

ZDIIZ, PP T —2BIE S OEWFEIR A EGHZENTES. 4 BT, LFTOLI7%
FEER T L% HWT PPL 7 — 2 OBUSHBHEA TV,

2-2.5EBRIZ L% PPL B HTE

*Pull-Down #[11]

Fox BARWFIEIT B THWERIGEIZIIT 5F5R PPL 7 — 2 O A Th 5. TAP iEL[EUJR B

ERALTI-TET, FLAG #7° GST #7, His #7728 % HWTC, BB DXL R IB LOfE A &

9% in vitro FIETHS. MM O USRI EZ T &2 R VERRE DY HIET, 47

DEZUNTEIANEE DX SV EPHEENT 5. 22 %l ToREL, SDS-PAGE &L
IFWRTERVKENE O THENT 5. SN RAONRURICBEL TUIRTFR—Fr A

RE &M HOTRET 5. 7235, Fx BARMIEICIB O THWOIZRIGEIZHBITSH 2669

-11-



D& R7EIZHis 27 AFF eb O MFEPE S THEHALZL O THY, O B/EHA %
LTEONTZ o _E DO/ ROEEICIE SDS-PAGE Z -, 21z k> TELNT- PPL 7 —
2% 804 EDREBRERINZ L BN EEN T, (K 2-1)

MRGSHHHHHHTDPALRA 2nd amino acid of ORFs~GLCGR
4.64 Mbp
4,390 ORFs
6xH|s ORFs
ori
Over-

Cloning of 4300 ORFs

pT5 lac

[ 2-1: His—tag #Z> 737’8 % AV = Pull-Down TEOREAR (24 : (HESTR)

PPHZBITHREENELTHITONDLDOELT, THUKI ) TEET I KEES 1ERDHDH. bHA
PFHEAERL COBE L _TE T ZNENDO RO IR _c.téf%f?sé’afm*/—%&ék%zé A
PAVEMICRB T D AR OG0, A4 ROS ﬂ:ﬂ%fﬁ%zﬁf i R TG UL SR
KRB A(Pa)EX L R B(P) B AE/EHL T EXIZ

[Pa] +[Pb] = [PaPb]

_[Pa][Pb]
~ [PaPb]

ERBLTD. ZHUCEDE, AR5 4R T 5 M C[Pa] = [Pb] =[PaPb] £720),
Kd =[Pa] =[Pb] £72%. > 7 FIARES, o2 R EEOM EVERR A BEEHL QO
WBER L EE N TIREITD RN DI ST 3581E, 20 Kd 13FEF ISR BEE 2 5ND.
Pull-DowniEIZ &> TR S L= 4 78 F'ﬁTHEf’FFH X, BT A RTELRES LI T
SDS-PAGEIZL > THERS IO ETHITHEA L CWDIRZ L VB ThDHT0, 20 Kd [F g
HI/INSUVMETHDHEHE 2 HID.
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*Yeast Two—Hybrid #[4][5][6][7]

HR GG PSR B1E DNA FE B R AL EIEMALR AL D2 DODR AL 2 LT 5. DNA
BRAATTBE—F—ITHEETDHRAL L THY, IEMHALR AL NI RNARI AT —EBLDFEER A
A ThdD. ZOWRGIEMES L R0 E %, DNA fEGRA L ZFEo TS ORY ST FRE L
LIEMEALR A %R o TWDH ORI ASNTFRE D202 WL ik &, ZD2DDRYRFFR
X, BB D7 R HR T IUTER G OMREL L Tl 2 &R TE RV, a5 21E, 2720
AUEZ OB A IRITERGAEEEZ B R L, mRNA N ERRSNDI LT85, Lo T, DNA fEAR A
LIEMALR AL EnE, M EERZBEE LW 2 DX /37 E (Bait & Prey) B fE A LIZX AT
42 X 2R (Bait Hin GRS L X7 D DNA FE &R AL L %G Tl DORY 7 F R)(Prey+in G-
TEMHE2 L T EOIEHEALR A U G Tl DR A~ %M%ﬁﬂ.ﬁﬁ“&o@dx%%m% %éfﬁ
SHE5. L Bait & Prey MHAAFEHLIZEGA, ? Balt’)“u/\’JE | PesE
DNAFEA R AL LIEMALR AL A A IRIC  cumannzas Ghrmasan)
HAELCNDILERD, BRGNS ND. b U @m ?@
HEAFRURNG &1, BTSN DILA s Diagasioous: 0 Bl Ao
W, ZU 7 ERIOMBE/EROA R T
D cxs. (K 2-2)4 BLFE, Yeast g - D et A
Two-Hybrid ¥£I%, 7/ LUAR PPl fitiEEL T DNA
b ERBRFETHLENZD.

X 2-2: Yeast Two—Hybrid DX

«TAP(Tandem Affinity Purification)i#%[8][9][10]

TAPIEIXZ T %D o2 3 E (Prey) R BSH, DX B ITHAEHAL TODHETORE
2 7B Bai) B A RIEREL T T 5ZENTELHETHS. 0000000000
oot ouoooooobouoooooooouoooooooouod
gtddooouoooooouooon

TaTArFy 2]

TuT AT T L, SREOX L RIE NIL G EAEE T DWE B S E TR
FILI=bDTHY, #o ™ 7 G M BAEH O EEE N DAV — Ty Mg kS LT H 210
O CWD. [12]F 7 EORARY NIV R EERE L TE N\ Ba G DRREMZ =00, E &
SRR TN T 5. M FIEIDE, ®AERE DT D EREGH LN, THILHZ LRI ED

KIERCHIE T — SRR’ HS. Fo, @ik THY, aAMNAICB W TH RIS TS,

- SR TR
PURIZKHE T DU S B D IR T D IETED, lysate DR EIEMEAIZ I 524 T,
PURICE R G T 2HUR A RV E L —RICE G R o TV Z L NV E il T2 803 7]
REL725. in vivo TO PPl ZMRGEET DB SND HIETHLD, FEFRFRAFEGIZLD /A X%
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R RNy N G=TA AN

TP FURF LA [13][14]

NITVFT 7 =0 )W, BB RV Eea— N o8In FaifAL, 77— F 0 I3
A LICZ o RO BT 77—V 0 FORIENNESE, TOX L _IEIHES T Dy 2
BRE N TR T D5 THY, MBS s X7 S BEAER 355 ORI B L T
5.

two-hybrid DO 000000000 DOOOOOOO0ODOOODOOOPUll-Down 00 TAP
OOoooOoobDOodo pait0ODOoOoOOOO0OOOO0ODOOOOOODOOOOOODOO
gbobodbboobbooboooobooon

000000000000000000000 ® -

two-hybrid D0 0000000000000

0000000000000 MoO0o0o0ong @ ® oo
.:\-n-- ‘Tf-l'-'

vddoooooououooooooooon
ubbmobobooboobboobooon
OOoO0ooOooboOoOooPull-Down OO TAP
ubboobuoomoobboobooon ®
gbobodbboobbooboooobooon

X 2-3: Spoke Approach D&

Pull-Down DO OTAPOOODODOOOOOO L 0 ..
0000000000000 0OOODODOOn
D00000000O0000O00O00O00On

. mank . prx

gooboooooobooooooboon

goooooooo pPPiDUOO0OOOOOO
oo ooboooooobbooobooa
oo ooboooooobbooobooa
oo ooboooooobbooobooa
00 1 000000000000 @oObOOoooO)yYooboooobOoooogno spoke
Approach(d 2-3)00 Matrix Approach(d 2-4) 0000 0O O 0O O OSpoke Approach O 00O O
0000000 Prey 000ODODO0OO0O BaitOOOOOODODODOOOODDOOOO
[4][5][15]0 O Matrix Approach 0 0000 0000000000000 0OODODDOOO
0000000 DooooooOoooMssoooboooooooooobooooooa
oo ooboooooobbooobooo
oo ooboooooobbooobooo
oo oooooooo

2-4: Matrix Approach D2
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2-3.BEARII TS PPl 7 —%

PPl 7 —XIZIZREDOITDE2F DY, L OITMHEEHL QOB (@R B) 2 R B2
T =T, L) DI EEHAL TCWAE L N IEDOBREFRT T —XTHD. HlZIX, siE OH
TIE, I5IZB D> TOBER RNA RY AT —B (X 2-5)%°, FHFRIZEH> T D RIGE VAR — A4

(K 2-6)72&1%, AERRNICIBNTH A TEEGRETERL TRY, ARG S 27 E MM
HAFHOFEMDBA ST/ 5TWVD. $REDIZDTIE, Y2H SO FERFIEL WG RZ T
2 NXEMOMBEEREZ Lk L TERFLEL TWDLDOTHD. Flz i3 7~ E A(ProteinA)L4
_7'8E B(ProteinB)SMHAANEAL COABZEERBLILIZWEA, Z<DOH—"—|{ZBW\T, ZOF
FelXIProteinA  ProteinB ) D &572, 1{TIZ X 1 FHAAEHOT —# RIS TWA. 207
O, NV AITV T =00 oA — LEOMD T —2enbd =AU L ORI L TIER
2T H—~ b ThHENZD. &I, AL T2 " IE R 2R TORWE Ry

NI =% R L TO T AL —GRikEAT o720, HEREE DB Z G20 T 2T A FEIE ThD. Zhb
DO BEAER T — 5% 3y NI — 7 TR T D720 DY — b B ARSI, (X 2-7)

2-5: T7 RNA polymerase elongation 2.6 00000000 OOOON
oooooood ooOoOooooood
(A) ®) -
L -. | . .
- el ] e . o
5 g & ah Lo N '
r ol et
. :"1"" ”' ‘- - . [y i
-ir. N T
258 s 0 o (BN
5 ﬂ% =
- ...i." ey, L‘\.
e | w wa® 5 [y o e—y
= _r. [ # vy 4 = 1

2-T: *ﬁﬂ’ﬁ)ﬂ%%?—&%ﬁrﬁ“é/—/v. ZEMAI(A): A3 BioLayout CTAHRIB)AS BIND (Z8i}5
BIND Interaction Viewer v.3.2
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BB CE DA R IE OIS ET — 2%, PDBSDOT — X _X—Zn LG T HETH 5.
2-5,[% 2-6 D X572 PDB 2 OARLNL R T — XX, &7/ BEOFEIEE @A TSI
WHTXANT —HH AFRRETHDH. Z0 /I E O IR E D MHERICR ESNLHIEL TRY,
PDB (284S CWD NG O 5 — 25501 29,000 4% #8 2 (2005/1/10 Bi1E), BEk{E-Hadm
HLTWD. £, ZOHIIIEREROT —2bHii>TRY, SCAMEE ROMEILIER>TND.
BERDT —2D0IE, FEG AL O SARKI R E T 2ZENTED. TIU/BREb>TWDH A
TOREERRAE %:#ﬁ%zf KRBT DLV TEIL, TIBESINSE DX R E O EAER%
THTHZENAIREIC/2D. 724 H Tk, EMBL-EBI (ko THUARIE-H L I E DRy F
7 & O T Hll= > 7 AR T CAPRI(Critical Assessment of PRediction of Interactions) |
(http://capri.ebi.ac.uk/)H BV TEY, THRIFEDOER PSR R TIThh T,

—77, 1 %1 OMEAEHERA RS —#1% DIP R° BIND 0BG 52N TES. 7/
B L5 3G DSLABRMEE DR B A MRS D T2 D OSLIEEIE T — 2 LT b, AWfEIC
LD FHOENIRO. BGF TEDLT X AN 7 A, AWFE AL CRANSIL TV, &7 —4X
—2 :*%%V\Jénﬂ\Mﬁﬂ@ﬁﬁiﬁt(m%/l/n1;%%'”) %, BIND:131,133 1@, DIP: 44,482 {# & FEH 12

({2720 TE WD, L TIE, BIND (d#fi> TW DA IE T ICE & Th D08, DIP T,
#&oﬂ\éﬁz%@ ZHIFRARR T Cu5. DIP (2B 24 WO AEREL, vavyav T
23 20,988 i, FERFE 2 15,675 1#, RS 4,030 &, BV A 1,425 fE, B3 1,379 {#, KIGHE
23 611 fE L7725 TH9(2005/1/10 BIE), FREAEMIZ AR CEEAEDI BT DM AER T —40
FEFITZ . ZNOOM BAEABRT —4# 013, fHAAEH% connection TRELLI=Z VE
WD F "I —2 (PPl % NI — ) a9 52 LN TED. *%”’ﬁbf:PPl/?\yl\U~77b>Ei e
DIBAN=T2, FILWEBEROFE A, K22 G OERNBEIEICRITDEEM/RE 3 b)-
5. 2Lz, THEf”EﬁHTH%@i&#%’?b\&//\& X, *vhU— 7%1!%%‘6&%@&#75 )
BKHICRDTDIENTE, FARBEENICBWTEDOX L G NI ICHE B2 & E 2R > T
HZEHTHTHIENTED. Fe, %9b\o7‘:4ﬁf;@jt%u%w7~m:aihﬂ\é&‘ww%
R, RN TGO LT REZ B\ O CTVDEBE R BND. ZDLDIZ, PPL Ry Y
— I HANDHILET, Ar—)L IV =R R OMRER BT HIENTE S,
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2-4.FEMZ31F5 PPl ORFME

PPl 7 —ZIFERIC K> T2 L2 o TS, BUE, SERICT/ LRI FEEN TOD A TR
250 A X TWDAS, TNHD PPL T —2&dfET 22813, BmTIKNOE(THS. £ZT,
BRTHEREDFEIZB VTS, EYFERE Tl - HkIC B T A AR S| ORERY —Z 5]~
T%@ﬁ%ﬁ‘f@iﬂbkc:*‘é‘%‘*@??ﬁﬂﬁi‘éhfb\Z)ctoi_, IFEAE PPL EROELNTOZRWEY
DD PP E#HE THIT 5564 1E, PPLAFMAEFIZHELN WD AEMFEE ORI T HER(F
PEZRMA LT EATI7]. &b A, Z 30k ﬁﬂ—lei@f%f PEL PP OPRAFIEEND DB )
WNEI2 oD, BEIEMEC M E ISR O L, AN EOE S KL RLX —
B D S TWDNT A —E L 7B FRECBEL T, AR BEITEZ > TnHIEn
Do TND16]. FIUCKIL, BRGORIERREICB b - T, WEEZ S5O ICE G KETE
T DNEEN D55 L R EIIKTACRTE DR P HEV @GR, ZDFEND, B THRET 54
PRTEDTH, MK REOZFEINRTNIENFLILTND. JOTDIT, Zoy
B ORIFIEIX T OMREICE L BEZIT L2 e RS S. o, BERFERBFIZEWVT,
FHHEAERL T L TG ART O R E A -T2 LR DD D[1T7]. S AT AL T
WBE L NTE DA —y a7 i RAE BRSO FRMEES IS L, ZAUZBIb oM AAER % g
FEMTLT-b D THD. ZTDORER, Zo VB RALIDS, HAEERL T2 BT ot
WL, HIROZHE R TEFRWIENRERZIN TS, ZTOTEND, HLHE ﬂal—ﬂfﬁ
MIFOREALDRNLT 2T TEY, HAERHFRZITIITZWIEEZ O X
WZEAURIEEND. FEFIZB W TRESNCWAFIA/ER X, Ortholog & Interaction &V))

S¥EA AT Interolog LT, ZOMF#AE HVZ PP FRITELIRESN TN,

2-5.%7 J ZUAR PPl 7 —Z NS TEHIEH

00000 DNARNADUODOOUOOOOOODOODUOOOUOoOOOoooooooooa
goddoooodooodooouooooboooooooooooouoooonoon
0000000000 dod0dODNADLO mRNAOOOOO RNAOOOOOOOOO
goddoooodooodooouooooboooooooooooouoooonoon
goddoooodooodooouooooboooooooooooouoooonoon
goddoooodooodooouooooboooooooooooouoooonoon
0o0oOo00dobOO0o0o0DbOo00oobOOooobOOo@boO)yYooooooooooooooo
goddoooodooodooouooooboooooooooooouoooonoon
000000000000000000000[18][19]10000([20][21]0 0000000
0[22][23][24][25]0 0 0000000000000 O00000DO00O0O0OO00O0O0O0O0
000O00DOOo0boOooobOOooooPPIOODDOOODOOODDOEUODOOODOOO
gooooooooodn

gdoodooodoodooooooo pPPiOODO0OOO0OUOOOOOOOnD PPIO
gooooooooon
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EBEHEDOE NS JLAUARLRKIBE PPl 5 — 215

3-1. 00 PPIOOO

BAE, 7/ LTAR PPl 7 — 2% 3BT T 264 e F1EEL TIX, Y2H(Yeast Two
Hybrid Assay)[4][5][6][7]X> TAP(Tandem Affinity Purification)[8][9][10]72& 23 En 541 T
L. LLZRRG, Y2H [T BRI T 57280, FEEEOBRELIIREELR D Mhog 78
ZARIT U TR EAEI L COD5E 255 ), TAP IZBIL TH 27 & AT T2y S E R D
HAEEHOREELRSTHD IFOMBEREMINL TR, TN ZNORE R1%EL<D false
positive, false negative % & A TWA[26][27]ZEMHIBLIVTWD. ZDIH7eT —X &b AW
EHR I RAERLOET DL, BT IR D7 R > TLEIZD[28], WML TEHETELT —
ZEyNeWETHMEVIZENEBETHY, 20D DL RFIEDHBINLTND
[29][30][31][32][33][34]. AMFZEIZFITDHHAILEIL THY, 7/ LUARZRFEER PPl 7 — 43 %
A TUWA false positive B BRWCTIEIEEO &V PP 7 —2 %24l 4524 T, ¥/ AUART
FHEMEORE PPl Xy N — 2 OIEEAATHIZ L ThD.

DIP <° BIND (23T, PPI 238 & 14> CO D AEMFE LRI DT T VAEY Th L1 Hh
R ayPauN\xRfETHLHN, [FEDET VEY THOLRIBEIZHEWTIZOHKIE 600 fHE
ETHY, BETHDHETNZR. PPl Ry T —I b 3B ORSRE T ORR % 7242
LRI ERETOIEA, R 2 OG- OT /T —2ab Bfiio TOBZERLELL. W
(FE AR OIEMIZ T D3> TWN2E L Th, B ORE P BERNE, U OIF M S L
UL, SHEEHOBRREZBLZENTERVDLLTHS. FREOET VAEY THLRIGHEIZE
DRI T 25852 REHZTNDTD, AIFRICEH T DG 4EMmELT:.

ABFFRIZIBNT, B2 IIFEOET VAN ToOLRGE DY ) LUARER PP 7 — 2455 R
Se R F AN R FFE R F ORI FEE D LIRAELL T2 &, 207 —Z 2y M DEEED W
HOZH T D FIEOMELIT o7, 72k, Rt W e2Wwier =41y M, His-tag 1%
78 % iz Pull-Down #£(M. Arifuzzaman, M. Maeda, A. Itoh, K. Nishikata, R. Saito,
T. loka, T. Kawamura, C. Takita, A-U. Amin, A. Hirai et al. in preparation) [11]i2L%%
DT, bait L/ 7E 2669 fEHE W TRILSNIZHDTHD. 4lal, ZIHLDERT —H %1 #)
WFRIZ LD ZENEND TRIFIECKISSED7201C, £TENEIND bait Z2 /I EEZIITH
AL THRHEENZ 1 DL LUTEED prey X VB ETDIIN—T% 1 SDOERIREHR2L,
ZOEERIZBLTCODRETOXANITEPR YD THAEFEHLTWSEE X, HEKT —4T
OHERT —5% PPl T —H2(MHEER T2 _IBET Zh/ N NEALET B3 ATV —EH) I
ZE#al 7= (matrix approach[29]). 7z, ZOEBRTFIEICBWUIREL A~ —([A—Z >/ 0'E
MO BEAER)ZRik T D EMEEL &L, 2 DDRICA L I EHEANT1ETHIENTED T
FIENDRRDSTID, ZHDT — 22y NnbREX A~ —%RELTZ. ZOREE, FKEx4:
Th% 9233 D PPl Fr7T — 2 & TG LI,
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3-2. PPI FHIFIEDKRFE

B DRI RT — 22 MSEEEOE WSO T2 HOER) §57-0120%, %7 —%
(2RI DIEHENEE AT DIE W BIEIC LI LD, F-ZDERN LT IUEZVNEEEH T
(D IEREIRD. L TRAREOMER 2 AV TENLOERER A HIHIB§ 2L T,
O EHEMEE EBINTHIDZ LN ATREE 70D, REERNICE EL 0 2 DT — X2 O HEMEA R -7
Yy, TAUL TR T HIELRE THDHI2D, FBR PPl 7 —Z OO HEMEO mWE O& 5
LFRWEE, HEAEREITOZ L _VEE2TIT 2 FEZFEC THLEN > TH LRV, Fx L, PPLEE
WHIBIZ AL COBEGESIEL, FHITEEL CORREERMLT-.

21 0000000000000 0000O000
ENEND T RO RAEE T T 5720121, ZO TN AEHEEOFMEITOLERHS.
A A, ZOEHEMEDOFRIE L LTI AR EHI BT iR 5 (Probability) z iV T 77,
Probability O H 21T, BEICAHEAERHL QDI EDNHIBIL CODH L R AT O S (BRI O
PPI &) TH 5 Positive data &, fHEEHL TRWH L I ET OIf#H Th% Negative
data 23 ELE72 %,
Probability % 2\ 7= Positive Data &% U} Negative Data ®HfS1AIZLL F D@D THD.

- Positive Dataset(BE%n1 PPI 15 #R)

PPI O/AH)7T —4%~X—2Z DIP (http:/dip.doe-mbi.ucla.edu/)[35][36]{Z1L KA E PPI 7
— 2T 611 L) Fi> TEL T, FEITHWDITITIARR LD, ZD72), E5IZ PubMed 7725
B e I e e —
3L, Curation CGI(IX 3-1)& FHWTREET | S —— :

—oFD PPl F—H% R, £HL TS I T T
Ni= PPl 7 —#IZ, DIP ®F —4 2 TN EcoCyc

(http://ecocyc.org/)[37][38] DT — X &Mz 7-. —

ZORER, 1123 DX B TRIIND : :

3285 {H 0 PPl & — 4% Bt 52 LW TxT-. A e L

K 3-1: fEEL7z Curation CGI
-Negative Dataset(fH E/ER LIRWZ L 37 ET)

MAAERZATY PP 7 —21%, RIFEEED 7T VIZBL COSBMAEWESI TS (B REC
BT 6 ). F7o, BIUGFTIEIZ L R7EL, MBI EERZREZTEEE 2L
AR, RIBERED T AV B ST, LobIEBIG TN ED #2737~ 7 % Negative Data &L
7o, 7%, ¥ERED T VS HIE GenoBase(http://ecoli.aist-nara.ac.jp/)[39]7HEAFL, JEH,
BT OEHIL, PSORT[40)% VWV Cili~<7=. PSORT %, &2 /7B DT /ERECHIHHH
NN D JBERG#E TR D22 BRE LY — /L ThD. BERHZISIT S TR RS E
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FEIX 57% CTHHN, KIBEICEBITD TR EOEHEEIL 86%ICHDIES. ZDOEHENMEIX 4
ThoHEEZ, RKIGEIZBWTEX L _IE D RtEG 2 FHIL-. 20855, 2,277,085 {#
? Negative Data Z S 352 LN T/,

PLEOT v A% TS L2 NB0 PPl 7 —4tEy b fia3d . (X 3.1)

[ Positive PPI: 3292 PPIs | | Experimental PPI: 9233 PPIs |

PP AExperimental PPI94 PPIs]

| Real PPI: 10,000~40000PPIs| | Negative PPI: 2,277,085 PPIs]|

X 3-2: /ohi=PPl T —4tybdD434  Positive PPl AExperimental
PPl 1%, EBT —XIZ&EN T3 Positive Data DI ThH 5.

boooboooboobboooboooboboobooobooobooobboOon
Probability DO 0D OOO0O0OOODO

RatioValue(ES)

robability(ES) =
P Y(ES) 1+ RatioValue(ES)

ESO0000D0000ODOOO0@OO0O0DDOD0O0ODOOONOOES: Evidence Sources)d
0000000000000 00000 (RatioVaue)d O O positivedata 1 negative data [ [
oooo

P(positive) P(ES| positive)

P'(positive| ES) = P(ES)

P(negative) P(ES | negative)
P(ES)

P'(negative | ES) =

oboboobooboobobobo

P'(positive| ES)
P'(negative | ES)

RatioValue(ES) =

Ppositive Dl OO DO ODOODLOO PAOOODOOOODOOOOODOODODODOODODODO
U00000O0oU0O0oOoU Pnegatived 1- P(positiveyD D00 OO0 O0O0OO0OO PPIOOO
UMOO0OQd Positivedatal D00 UOO0DOOODOODOOD O [A0,000 0 (4000C2% 3285/1123C2)
000000 PEYpostive)ld O P(ESnegative)l] Positivedata] Negativedatal 0 0O 0O O ES
obooboboboobo
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“hbELEICE PPl FHITIEDORE R L2 O Probability 21222 C, Az i L=, Az
THIFi£1E, Phylogenetic Profiling, Expression Pattern, 1G(Interaction Generarity),
MMI(Motif-Motif Interaction), s FREA, Interolog, 55 HAL(A <2 )D 7 FETH
5.

3.2.2 Phylogenetic ProfilingD O OO OO O0O)

BERERIZ D72 0B T DX AT, AR BT AFEF L LELIE>TOB[41]. &
2T BT, i‘ﬁuiﬁ{tiﬂ&%fzeoﬂ\é{tﬁmbﬁ.%*b\kb@:(‘:izﬁé. KIGHE DL I ED
WAL S — L ZFR D701, KIGEIZBTDEFREMOT RS L, 227 ) AESIH
st 42 AEMFEGE I 6 %ﬁ, /EE*’rEﬂl 36 F)ICH1T D 3- DA FHIRPEM DT I/ FeB 51 D
FARIPEZ, BLAST 2T, RIBE DX R8RS/ E o1 0% BLAST O
H ) ChD E-value Z FHIWTEILLZ. HlxIE, KIBEIZEITDZ /378 AB,C BRbh-T-LE|Z,
FNOEAMDEWTE X,Y,Z DFTHZ DO T I BERAINC BLAST % AW CZ O A
RAE, X’ E ACEILTIEX,Y,Z DXL 312k CENF I E-value 23 1.0 X 107, 2.0, 1.0
X107 L7220, ZLR28 B TIE 1.0X 10719, 1.0 X107, 2.0, 2378 C TiX 2.0X 10, 4.0, 2.0
X100 Thol=&9 5. ZOWE, #o/37E A & C 1 E-value WAWIZHHEIZF> TnAZEND
HEALRFERN DRV E B> TNHI LD, K4/ ERIOMEIIX, E-value (ZXABLHIDOHH
BRI E R T 52T~ (K 3-3) ZZTREDITHLERHHDIL, AMFEOBINTH
%. ZBSNK L TR AR > 7o R BFELTZ S A, %«@aw'ﬁma&ﬁ@ BT VNVASQA

B ZHUTH AT 2 A 100 FEFEE DAY FEEZ W T2 A I AL TR TH D23, IRIRL
TR TS S EATGEL, KXV EITE %%@Lﬁ%{té’a'rﬁ WOFELENRBHND.
FHBARRER T, BIEEH OHERS DR EZ N DT DRI TH L0, bHAAZOES EF-T5.
ZD7D, 1B & 1 FiABRSEZLEL, ITREAA MEEEZITV, RAEIZ 42 EFEIZLTZ. DA
D, Frea LRI D720 E L > TND RIGH L /-~ T & PPLOF B & R L =&
A, BT a7y AN DR T (FARFRE)E Probability 2SIEOAHBIEZALTHY, FHIFEELT
DA hMEA R L. (X 3-4)

B NTEICE T S EMERICEH T SFERBEE-valueDBELFI ICL TR
£WEA | &WiEB | £WHEC | £WED
S23JHA | 500E-05| 200E-22 |  1.00E-22 1.4 |

A22\9HEB 2.00E-27 5.00E-33 0.81 | 3.00E-36
Ao 98C 1.00E-43 5.00E-42 3.00E-28 | 2.00E-62
A2 1898D 0.62 8.00E-26 77| 3.00E-48

4| 2 I\DBE 5.00E-05 2.00E-22 3.00E-42 32

v

HBERBEREL, 2R VER7FDODROTET D

-21-



: Phylogenetic Profiling {Z&23 % 7B RT7 D Ra7 EH ik

-~

-1

Correlation Coefficient (Phylogenetic Profiling)

(X 3-4)

Phylogenetic Profilig {Z 3175227 (#Hih)&, Probability(FEdik)

i |: v

-0.5

0
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# 3-1: Phylogenetic Profiling IZ3WWTEAL-AMEA 1T HME, ERELEMEEZET)

Aeropyrum pernix

Agrobacterium_tumefaciens C58 Cereon

Aquifex aeolicus

Archaeoglobus._fulgidus

Bacillus_subtilis

Borrelia burgdorferi

Buchnera_sp
Campylobacter jejuni

Caulobacter crescentus

Chlamydia_muridarum

Chlamydophila pneumoniae AR39

Clostridium_acetobutylicum

Deinococcus radiodurans

Haemophilus._influenzae

Halobacterium sp

Helicobacter pylori J99

Lactococcus lactis

Listeria innocua

Methanobacterium_thermoautotrophicum
Methanococcus_jannaschii

Mycobacterium_leprae

Mycoplasma_genitalium

Neisseria meningitidis MC58

Nostoc_sp

Pasteurella_multocida

Pseudomonas_aeruginosa

Pyrococcus_furiosus

Rickettsia conorii

Salmonella_typhi

Sinorhizobium meliloti

Staphylococcus_aureus Mud0
Streptococcus pneumoniae_ TIGR4

Sulfolobus_solfataricus
Synechocystis PCC6803
Thermoplasma_acidophilum

Thermotoga maritima

Treponema_pallidum

Ureaplasma_urealyticum

Vibrio_cholerae

Xylella fastidiosa

mimmmmm(>/m|> mMmMmMmmMmMmMm|>/ MmMmMmmMMmM|>/MMmmMmMmMmMmMMmM{MmMm(mMm|m{m|m|m|>|m|m|>

Yersinia_pestis CO92
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3.2.3Expression Pattern(D OO0 OO O0)

FERHIC W T, R B2 58 s OFIFRED 3 BAFHZATOEM 23RN E D307 T
2[13][42]. LD KIGEIZEV TS LN DD MR LIz, KIGH OB FRET —
2%, KEGG(http://www.genome.jp/kega/)E GenoBase 7 HHUGL, ZZbiEH 538 BB
BORELIEZ, MBEfREAF L Tk L. ZOfEE, ZOMBIfREE Probability 134HEIFR
% 0 LL_EfE (3L B O FEIR) IC BV TIEDF B Z R LTV V. (K 3-B)FD D, BEREE
ALK IZIWTH, FEBAERIE PPI TRICHEZI THL LW ORE R13EHTZ. (X 3-6)

BAVNVEITBITHEEFRERREESIICLTETR

1 2 3 4
ProteinA N 13 N 17{|
ProteinB 0.79 0.51 0.021 25
ProteinC 2.00E-04 0.83 1.1 0.63
ProteinD 0.35 0.18|  1.00E-16 03

| ProteinE 2.00E-12 4.00E-13 6.00E-52 3.00E-09 |

v

HERMZEHL, 22/ BRTNOARATET D
X 3-5:Expression Pattern ZA\V Nz H L RIPERT DA T E ik

o
o

o
[&)]
~——

o
~
\

Probability of PPI
o
w
\

o
N
\

/
\

-1 -0.5 0 0.5 1
Correlation Coefficient (Expression Pattern)

(X 3-6)2> 7R J7E T OFBLOFE BIFRE (B8 & Probability(fith) DFERE S 77
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3.2.4 IG(Interaction Generality)

IG(Interaction Generality):id, 272 PPl ro b — 27 & 5% 2R B L C2 O B
M OMENOLSER T2 FIETHSH[33][43]. /1SN DATT BRETIULREVIIEH AAE
ML TODHERNENWIEERBLT D, ZOH N AT ORESITID, 0%10), 1 HLIT2%11, 2
LA E% T2 550 T Probability O HIZfE L. 2o, IG ERHIZHWS PPl 7 —X1%, &
Bk —%% Spoke Approach %\ TAFU—ERICEHL7=b D% L. Spoke
Approach &%, prey #2737 4T bait 2o VB LM EAEAL CODEET 5 FIETHD
[15]. %3328 D Probability &% H L7255, 1G & Probability (ZIXIEOFHEI A A5, PPL T
HFEEL COREPR RSN, (£ 3-2)

3.2.5 MMI(Motif-Motif Interaction)

MMI(Motif-Motif Interaction)®%, Pfam database (http:/pfam.wustl.edu/)7>6155i1%
B RIEDOEHET — 7 FHEFER PPl 7 — 2O #iE Gt HZ & CHEAERZTTO ATRENE
MEWT UV BBESETFT —7 T2 BGL, £nabill PPl 2 FHIT5FETHH[44]. PP T
HIOMEIX O/E ETH /IS4, ZOMERKEZTIUTKREVIEZDZ L ST ET B AEAERL T
WDRERDEWIEEEIRL TV, 20 O/E fl23, 0 LA 1 KMot o0, 1 LA 2R a1,
2 LA b% 12 L4381 C Probability OFE HIZEH L2, &3 FEIZ351F 5 Probability 25 HH L7-#E 2R,
MMI @ PPl Il T L COFRMERRESNTZ. (£ 3-2).

3.2.6 Essentiality (Bz & HA)

Essential protein (%, HUB(ZL DX RSB LM BAEHL TOD) THOH A AN EWZ LN 53D
> CW5[45]. Essential protein JEi2 D PPl %y U —2% Type A: JAVDHZ L /3 E D T
essential protein Th5H, 0, Type B: AV DX/ 7'E 534 T non-essential protein THob
D, Type C: AVDH 7 7'E ) essential protein & non-essential protein ifi RS > T4
D3DNTFELTZSE, Type A L Type C 23 75.02% L 2RO K% 5 5. E<IT Type A DIFE
LD ON, BERREAREEKL WD EW b5 ribosomal protein £ CHh5. (X 3-7)

F % 1%, PEC database (http://www.grs.nig.ac.jp/ecoli/pec/index.jsp)/ o HifF CTX 5K
& Essential protein ff#at, &2, KIE D& 374 % Essential protein & non-essential
protein (273 FEL7-. 58k PPI 7 —#|Z1% 341 fE @ Essential protein, 1,922 f&»
non-essential protein 235 £41CHY, non-essential protein [Fl-EOHA/EHAETL),
essential protein & non-essential protein OfH AAEH% 2], essential protein [7] O AAE
FH’%T?:J L, LLEBLNOX L RZE N unknown THho7- 85513101 &3 A LT, 25058

BITAENRKETIVUE, FOXRIE T 036 T essential protein DN KELRDHZEEE R
T4, ZOBESIZBWTY, &9 8HIZEIT 5 Probability Z#8 H L7- L2 4, Essentiality & PPI {Z1ZK
ERHEERHLZEN RSN (%% 3-2)
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acpP, dapD, hscA, infC, IpxA, prsA,
rpl,rpm,rpo,rps group

%. TypeB  dnaK, gimS, IpdA, thrS, tmk, tufB

aceF, dadA, WiA @ .| ethal protein
@ :Nonlethal protein

TypeA

TypeC

O 3-7Essentialprotein 0 000 PPIOOOOCOOOO
ODoodoooobOoooooooooooooooa

3.2.7 Interolog (ftA=¥%& PP1 7 —Z DS R)

FHEAERZATIZ S ER_TIL, ECB T IEMEN R LND[17]. ZDOXH7FEICE
AR EAEH OB Interolog EFFIEN TS, 20 Interolog 1AM /AW FEIC BT PPI
F—BINSFHAERZATH R OB RT DA —Y a7 % TG+ 52 TRIGL, BEAmTECC
TIEKIEHE)D PPl 2 THILT- [46]. tAMFRIZISITS PPl 7 —21%, 7/ LUARICIGS T
ErVE O PPl 7 —X[4T1 &L=, A —YaZEWiL, KIGEOX 78 L ssearch % T
E-value 28 e10 DL F OO ALz, fEH, ErVEICB O THAEERL QWX 781X, K
IHEIZ B W CHOAEEAERAL COABEIFAHY, KIGE PPI THNCShREZA T HZLARENT-.
(% 3-2)

3.2.8 ERBHN(ArY)

JFEZA O mMRNA X, SHBICEB O G AR T 5. RUERGRFICL> TSNS
BRI, BERERIICHA BN H DM 23RN &A1 > T H[48]. L, F2hR
PPl 7 —ZIZ &G ENTCNDE L AT INE R G K LA FIRRED R L CTh o741,
FAEAEAL CWAAIREMED A B4 5282 RL CA. T4 1F EcoCyC M bifin G BT O A Bl
5L, PPI EOFHBAZ T 55, @V PPI EOFERE GO, (3 3-2)
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# 3-2: 4 PPl FHIFEQ.3~2.1)DH /1L, Probability MDFHEH

MMI score Probability
Interaction -
Generality Probability 0 0.003
0 0.003 1 0.021
1 0.069 2 0.024
2 0.217
Potential -
Interolog Probability
iali No 0.003
Essentiality Probability
pattern Yes 0.163
0 0
1 0.009 Operon Probability
2 0.005 No 0.003
3 0.103 Yes 0.925

3PP OOnOOonOnOOO

331 00000

BFETHITLIZ7T oD PPI FHIFIER, 22 E D /)& Probability 2SIEDFHBIZAL T
WHZEND, &b PP TRINZESTHIRE AL TWDHIEN DS, LL, 2D TR R
[FISNEEE TR WD EE N D72, ZNENE RN U7z TS R ko
CIERICRERF 2> T e, ZZTHRAFTED PPl 7 —ZOHINEZ DRI OHIE D728
(2, "ARXZHNTINEDTHD PPl FRIFELZH A LTz, ~A XXM EDOFIETIT Fully
Connected Bayes”t” Naive Bayes”® 2 @0 73HY (X 3-8), #A 35 FIENAVIIFHREZFE-
TWAHEXTRTFEZRIRL, AWML THLIROIFREZRIRT 20BN DS, SEINE, 207
DO FIENAWIZFEZ AL TS0 2RI O Fully Connected Bayes 48R L 7-.

(A) B)

. ®
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Chapter 1. Introduction

1.1 Protein-Protein Interaction

Various phenomena in vivo are caused by nucleic acids, proteins, metabolites and the
other molecules. These molecules interact with each other to keep life of an organism.
For example, enzymes, which are proteins catalyzing the reactions among the
metabolites, form metabolic pathway. Each of them is translated from RNA by
ribosome and RNA is transcribed by RNA polymerase. In this way, proteins are closely
linked to every essential intracellular activity.

Although proteins used to be believed that they are isolated entity and
acting independently of surrounding proteins, today we know that most
proteins in vivo are interacting with other ones and form complexes. This phenomenon,
I.e., interaction among proteins, is called “PPI: Protein-Protein Interaction”. PPl studies
have potentials to elucidate various intracellular activities and they can also be applied
to industries such as antibody medicines. Therefore the researches based on interactions
arefocus of constant attention.

The function of the complex is determined by its structure. Today, they can be
described by 3-dimentiona graph (Figurel-A,B) and stored in PDB
(http://www.rcsh.org/pdb/). However, these structure data are of complex after
crystalization, which do not aways reflect the actual structure. And the number of
solved 3 —dimentional structures are limited compared to number of protein sequences
determined due to time and cost to solve such structures.

Figure 1-A: Sructure of a T7 RNA polymerase Figure 1-B: Sructure of the E. Coli ribosomal

elongation complex at 2.9A resolution termination complex with release factor 2
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The most popular technique for high throughput screening of PPIsis Y2H (Yeast Two
Hybrid Assay), which can identify many novel protein-protein interactions. Although
the method can be used to find possible interacting partners there are many important
interactions which cannot be detected using this method. In addition to this restriction,
the low reproducibility and the low accuracy of its products are one of the most critical
issues. Therefore in this thesis, we seek effective ways to construct genome-wide PPI
network.

1.2 Construction of reliable Protein-Protein Interaction Network

Genome-wide protein-protein interaction (PPI) network contains functional
complexes related to various reactions such as transcription, translation,
metabolisms and signal transductions. Therefore experimental screenings of
PPIs at the genome-wide level is important, particularly for well studies
organisms such as Saccharomyces cerevisiae and Escherichia coli.

In yeast, PPIs were screened at genome-wide level using various methods
including yeast two-hybrid assay (Gavin et al. 2002; Ho et al. 2002; Ito et al.
2001; Uetz et al. 2000). Thousands of PPIs are now available in yeast
(Sprinzak et al. 2003). The usefulness of these data was shown by many
previous researches. For example, Schwikowski et al. (Schwikowski et al.
2000) and Vazquez et al. (Vazquez et al. 2003) as well as other researchers
have shown that functions of uncharacterized proteins can be predicted
using PPl network. Discovery of novel biological pathways from the PPI
network is one of the most important issues and has been conducted by
many researchers (Bar-Joseph et al. 2003; Ideker et al. 2002; Liu and Zhao
2004; Segal et al. 2003; Steffen et al. 2002). For example, Ideker et al.
identified PPIs which respond to perturbations in yeast galactose utilization
pathway by combining PPI data, expression data and other proteomic data
with biological experiments (Ideker et al. 2001). Also building principles of
PPI network have been discovered which states that there are some “hub”
proteins in the PPl network, which have many interacting partners and
usually essential for cell to survive (Han et al. 2004; Jeong et al. 2001).

One of the greatest problem in dealing with these PPI data is that the
experimental PPl data contain large amount of false-positive PPIs which
may lead one to incorrect interpretations of PPl network (von Mering et al.
2002). Therefore various methods have been developed to eliminate these
false positive PPIs (Bader 2003; Deane et al. 2002; Goldberg and Roth 2003;



Jansen et al. 2003; Saito et al. 2002; Saito et al. 2003b).

Compared to the case of yeast, the number of available PPIs in Escherichia
coli is limited. For example, in one of the most known database DIP
(Salwinski et al. 2004; Xenarios et al. 2002), the number of deposited E. coli
PPIs (heterodimers) is only 265 (as of Aug. 30, 2004). Although known
protein complexes are stored in EcoCyc (Karp et al. 2004; Karp et al. 2002) it
is mainly focused on enzymes. Still it is very important to construct PPI
network at the genome-wide level in E. coli, because it contains functional
units or regulatory pathways which are specific to eubacteria.

In this work, we constructed genome-wide PPl network in E. coli using
Bayesian approach (Jansen et al. 2003). We used 9,233 PPIs obtained from
our Pull-Down assay (M. Arifuzzaman, M. Maeda, A. Itoh, K. Nishikata, R.
Saito, T. loka, T. Kawamura, C. Takita, A-U. Amin, A. Hirai et al. in
preparation) (Zhu et al. 2001) and collected 3,285 PPIs reported in the
literature. Characteristics of PPIs in literature data were analyzed and
Bayesian approach was used to assess each interaction obtained from the
experiments according to these characteristics. Subsequently we removed
suspicious PPIs and constructed reliable PPl network by integrating the
remaining experimental PPIs with those reported in the literature, which
finally contained 3,667 interactions connecting 1,277 proteins. Constructed
network enabled us to predict functions of uncharacterized proteins and
gave new insights into biological reactions which occur in E. coli cell,
showing usefulness of our PPI network.

Chapter 2. Results

2.1 Collection of PPIs

We first collected 18,870 interacting partners screened by our genome-wide
Pull-down assay using 2,669 bait proteins (M. Arifuzzaman, M. Maeda, A.
Itoh, K. Nishikata, R. Saito, T. loka, T. Kawamura, C. Takita, A-U. Amin, A.
Hirai et al. in preparation). Interacting partners having high affinities to the
columns were discarded from them. Some of the detected interacting
partners were ambiguous — the detected weights of proteins corresponded to
multiple proteins. These interacting partners were also discarded. We
assumed that proteins detected by a bait interacted with each other (The
“matrix approach” as discussed in (Bader and Hogue 2002)). As a result, we
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obtained 9,233 PPIs from our experiment.

In addition, we collected PPIs reported in the literatures; we extracted
abstracts related to PPl in PubMed using keyword search. We manually
curated all the abstracts and extracted protein names which interact. Then
we integrated these documented PPIs with those in DIP
(http://dip.doe-mbi.ucla.edu/) and EcoCyc (http://ecocyc.org/). Finally we
obtained 3,285 documented PPIs (referred to as positive PPIs hereafter).

For training of Bayesian network which we use to model PPIs, set of
protein pairs which do not interact (referred to as negative PPIs hereafter)
was required. We followed similar procedure used by Jansen et al. to prepare
negative PPls (Jansen et al. 2003); Protein pairs which interact are
considered to share same functions and co-localized in a cell (Sprinzak et al.
2003). We therefore defined negative PPIs as protein pairs which do not
share same function and are not co-localized. Protein functions were
assigned using GenoBase (Ara et al. in preparation). Protein localizations
were predicted by PSORT (Nakai and Horton 1999). We looked through all
possible protein pairs in E. coli and found that 2,277,085 protein pairs
satisfy the above criteria. We defined them as negative PPIls. The datasets
we collected are summarized in Table 1.
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Table 1: PPI datasets collected or constructed in this study.

PPI Dataset

Description

The number of
PPIs

Experimental PPIs

PPIs obtained from our
Pull-down experiment.

9,233

Positive PPls

PPIs reported in the
literatures and/or stored in
public databases.

3,285

Negative PPIs

Protein pairs which does
not interact according to
computational prediction.

2,277,085

Refined PPIs

Experimental PPIs which
are suggested to be reliable
using our method.

427

Predicted PPIs

Protein pairs in E. coli
proteome which are
predicted to interact using
to our method.

1,407

Finally constructed PPIs

Integration of positive
PPIs with refined PPIs.

3,667
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2.2 Construction of Reliable PPI Network

PPIs obtained from genome-wide screening assay have been known for their low
accuracy (Mrowka et al. 2001). To eliminate false positive PPIls, we assessed each
interaction according to 7 indices, i.e., gene expressional correlations (Grigoriev 2001),
correlations of phylogenetic profiles (Pellegrini et al. 1999), Interaction Generality
(Saito et al. 2002; Saito et al. 2003a), motif-motif interactions (Deng et al. 2002), gene
essentialities (Jeong et al. 2001), interologs (Walhout et al. 2000), and participation of
genes in the same transcriptional unit (Dandekar et al. 1998).

First, we analyzed whether these 7 indices can be used as evidences for
protein-protein interactions. Each probability P(positive|Indice) was calculated from
positive data and negative data. We found that pairs of proteins having certain value of
7 indices are likely to interact suggesting that all the indices can be used to assess PPIs.

The description is given below.

2.2.1 Gene Expression Pattern

It is shown in yeast that protein pairs encoded by co-expressed genes
interact with each other more frequently than with randomly selected
protein pairs (Ge et al. 2001; Grigoriev 2001). We checked whether this
phenomenon can be observed in £. coli. We downloaded gene expression data
from KEGG and GenoBase (Oshima et al. 2002). Using correlation coefficient
as a measure of expressional similarity, we found that protein pairs having
similar expression profiles in E. coli are also likely to interact (Figure 2A).

2.2.2 Phylogenetic Profiling

If two proteins are functionally linked, they are likely to show similar
phylogenetic profiles, i.e., they are likely to be in the same subset of
completely sequenced genomes (Pellegrini et al. 1999). To identify pairs of
proteins showing similar phylogenetic profiles, each protein sequence of E.
coli was subjected to BLAST search against other completely sequenced
genomes (6 archaeal genomes and 36 eurobacterial genomes: Table 2). Then
pairs of proteins showing similar E-values among other species were
selected as phylogenetically linked. For example, consider the case where we
deal with three E. coli proteins, A, B and C. Each of three proteins is
subjected to BLAST search against genomes of other species X, Y and Z.
E-values of protein A to species X, Y and Z is 1.0 x 104, 2.0, 1.0 x 10, and
those of protein B is 1.0 x 10-10, 1.0 x 1020, 2.0, and those of protein C is 2.0 X
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104, 4.0, 2.0 x 106. In this case, protein A and C are assumed to be
phylogenetically linked, because their E-values to other species correlate.
Correlation coefficient was used to assess similarity of E-values. We found
that as shown in Figure 2B, pairs of proteins having similar phylogenetic
profiles are likely to interact.
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Table 2: The list of genomes that we used in phylogenetic
profiling. “A” and “E” stands for “Archaea” and “Eurobacteria”.

Aeropyrum pernix

Agrobacterium_tumefaciens C58 Cereon

Aquifex aeolicus

Archaeoglobus._fulgidus

Bacillus_subtilis

Borrelia burgdorferi

Buchnera_sp
Campylobacter jejuni

Caulobacter crescentus

Chlamydia_muridarum

Chlamydophila pneumoniae AR39

Clostridium_acetobutylicum

Deinococcus radiodurans

Haemophilus._influenzae

Halobacterium sp

Helicobacter pylori J99

Lactococcus lactis

Listeria innocua

Methanobacterium_thermoautotrophicum
Methanococcus_jannaschii

Mycobacterium_leprae

Mycoplasma_genitalium

Neisseria meningitidis MC58

Nostoc_sp

Pasteurella_multocida

Pseudomonas_aeruginosa

Pyrococcus_furiosus

Rickettsia conorii

Salmonella_typhi

Sinorhizobium meliloti

Staphylococcus_aureus Mud0
Streptococcus pneumoniae_ TIGR4

Sulfolobus_solfataricus
Synechocystis PCC6803
Thermoplasma_acidophilum

Thermotoga maritima

Treponema_pallidum

Ureaplasma_urealyticum

Vibrio_cholerae

Xylella fastidiosa

mimmmmm(>/Mm|> mMmMmMmmMmM|>/ MmMmMmMMmM|>/MMmmMMmMmMmMMmM{M(Mm|m{m|m|m|>|m|m|>

Yersinia_pestis CO92
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2.2.3 Interaction Generality

IG (Interaction Generality) is designed to measure the experimental
reproducibility of each interaction according to the topology of PPI network
(Saito et al. 2002; Saito et al. 2003a). We used the modified version of IG to
assess each interaction obtained from our experiment. The IG value is
calculated by the following procedure. First our experimental data were
converted into binary PPI data by “spoke approach” which assumes that all
detected proteins interact with bait protein (Bader and Hogue 2002). Let rbe
the number of times protein X and Y are detected using the common baits,
and al be the number of proteins which interact with both X and Y. Then IG
for interacting protein X and Y is max(r, al). As shown in Table 3, protein
pairs having higher IG values are likely to interact.

2.2.4 Motif-Motif Interaction

Motif-Motif Interaction (MMI) is the interaction of motifs between
interacting proteins. To find potential MMIs from experimental PPI data, we
first searched for known protein motifs in each protein sequence using Pfam
database (http://pfam.wustl.edu/). Then all the pairs of motifs found in one
protein and in its interacting partners were statistically assessed to identify
those which appear frequently compared to the expected frequency based on
number of times that each protein appears in the protein interaction
network. In particular, we calculated Observed / Expected (O/E) ratio for
each MMI. MMI score for each interaction was defined as O/E ratio of MMI
corresponding to pair of motifs interacting proteins have. If no corresponding
pair is found, MMI score is defined 0. We found that protein pairs having
high MMI scores are likely to interact (Table 3).

2.2.5 Gene Essentiality

It is shown that essential proteins interact more frequently than expected
by chance (Saito et al. 2003b). We classified each protein into essential and
non-essential protein according to PEC database
(http://lwww.grs.nig.ac.jp/ecoli/pec/index.jsp). Experimental PPI data
contained 341 essential proteins and 1,922 non-essential proteins. We
classified interactions into 1: Non-essential - Non-essential interactions, 2:
Essential - Non-essential interactions, and 3: Essential - Essential
interactions. For those where the phenotype of one of interacting proteins is
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unknown, they were classified to 0: unknown. We found that pairs of
essential proteins are likely to interact (Table 3).

2.2.6 Interolog

Interolog is the interaction among the orthologous proteins (Walhout et al.
2000). We collected PPIs of H. pylori obtained from genome-wide screening
assay (Rain et al. 2001) and predicted their interologs in £. coli. In particular,
we subjected each pair of interacting proteins in H. pylorito ssearch
(threshold was set to E-value < e-10) against protein sequences of E. coli and
assumed pairs of £. coli proteins as potential interologs of H. pylori. We
found that potential interologs are likely to interact (Table 3).

2.2.7 The Transcription Units (Operon)

Bacterial mMRNAs often encode multiple genes. Proteins encoded in the
same transcriptional units tend to be functionally related (Dandekar et al.
1998). To assess interacting potentials of proteins in the same
transcriptional unit, we obtained the transcription units from EcoCyc and
correlated them with positive and negative PPIs. We found that protein pairs
encoded in the same transcription unit are often reported in the literatures
as interacting pairs (Table 3). Therefore we suggest that experimental PPIs
are likely to be true positives if interacting proteins are encoded in the same
operon.
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Figure.2: Probability that interaction occur between two proteins
having certain level of (A) expressional correlation and (B)
phylogenetic correlation
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Table 3: Probability that interaction occur between protein pairs
having specified value for given index (Interaction Generality,
Essentiality Pattern, MMI Score, Interolog and Operon) as
described in text. The procedure to calculate probability is based
on Bayesian approach and described in methods.

MMI score  Probability
Interaction .
) Probability 0 0.003
Generality
0 0.003 1 0.021
1 0.069 0.024
2 0.217
Potential
Probability
Interolog
Essentialit No 0.003
Y Probability
pattern Yes 0.163
0 0
1 0.009 Operon Probability
2 0.005 No 0.003
3 0.103 Yes 0.925




2.2.8 Integration of 7 Evidences

As shown, we confirmed that all 7 indices can be used as evidence
sources for PPIs. We integrated these 7 indices using Bayesian approach
to calculate interacting potentials between given protein pairs. First we
investigated the correlations among these indices. We scored the
interacting protein pairs using 7 indices and calculated the correlations
coefficients between them, and tested the statistical significances by
t-test. There were significant correlations among 7 indices. Therefore we
integrated the 7 indices by Fully connected Bayes and calculated
probability of interactions between given protein pairs (See methods). To
calculate them using Bayesian approach, we needed to estimate number
of PPIs exist in E. coli cell. The number of PPIs in S. cerevisiae is
estimated to be between 16,000 and 26,000 (Grigoriev 2003). The number
of coding regions in E. coli is ~4,000, which is 2/3 of Yeast. If the number
of interaction partner per protein in Yeast (5 ~ 8) and E£. coli is similar,
the number of real E. coli PPIs will be estimated to be between 10,000
(4,000 x 5/ 2) and 16,000 (4,000 x 8/ 2). If the density of PPl (number of
interactions over number of all the pairs of proteins in the set of proteins)
is similar in positive PPIs and the whole proteome of E. coli, the number
is estimated to be ~40,000 (The average degree of the 3,285 positive PPIs
which consist of 1123 proteins, is 3285/1123C2 , which is ~0.005. As E. coli
have ~4,000 ORFs, the estimated total number of PPISs is 4000C2 x 0.005,
which is ~40,000). We tried the above 2 estimates and investigated the
performance of our method.
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2.3 Validation of the Method

Our method calculates probability of interaction between given protein
pair according to the 7 indices using Bayesian approach. To validate our
method, we calculated the accuracy of our method using cross validation.
We chose one positive or negative PPl from collection of positive and
negative dataset. Then using the rest of the data, we trained the
probability function P(positive | ES) and P(negative | ES) where ES
(Evidence source(s)) indicates 7 indices. Then we tested whether the
function correctly predicts the chosen sample as interacting proteins or
not. The prediction is counted as true positive if the function correctly
predicts interacting proteins as interacting. The prediction is counted as
false positive if the function incorrectly predicts non-interacting proteins
as interacting. The accuracy of the prediction is measured as 7rue
Positives | (True Positives + False Positives). We found the positive
correlation between the probability P(positive | ES) and accuracy. (Figure
3) Therefore we suggest that our method is valid for estimating
probability of interactions.
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Figure 3 Correlation between probability of interaction calculated
accor ding to Bayesian approach and accuracy calculated as rate of
true positives among protein pairs predicted as positive. We
estimated number of PPIs in E. coli as 10,000 and 40,000 to
calculate probability.
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We can obtain reliable PPIs by selecting experimental PPIs having
interaction probability higher than the threshold. There is a trade-off
between the threshold and the number of reliable PPIs obtained after
refinement. If we set threshold high, number of reliable interactions we
obtain will be few. (Figure 4)
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Figure 4 The accuracy of refinement and the number of PPI s left
in the refined PPl network having corresponding accuracy.
“All” indicates all the interactions left in the refined PPI
network and “Novel” indicates those not previously reported.

We set the probability threshold 0.5 (accuracy would also be ~0.5) and
selected interactions having higher probability than the threshold. There
are 9,233 PPIs in our experimental data, which contains 94 positive PPIs
(1% of experimental data). After refinement using the threshold, we
obtained 427 reliable PPIs containing 46 positive PPIs (10.8% of reliable
PPIs).

We also predicted 1,407 PPIs from all the pairs of proteins in E. coli
(9,290,205 pairs, 3.9 x 104 of which are positive PPIs). Predicted PPIs
contained 330 positive PPIs (23% of predicted PPIs) and 1,077 novel PPIs.
By integrating PPIs reported in the literature with our refined
experimental PPIs, we finally obtained 3,667 reliable PPIs. This dataset
contains 1,277 proteins (>1/4 of the number of E. col/ coding regions), and
the average of the number of interaction partners per protein is about 6.
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Figure 5 shows relationship between number of interacting partners and
number of proteins having corresponding number of interacting partners.
The distribution follows a power law which is observed in many
interaction networks (Jeong et al. 2001). Furthermore there were positive
correlation between number of interacting partners and rate of essential
proteins having corresponding number of interacting partners; For
example rate of essential proteins having more than 5 interacting
partners were 20.6%, whereas rate of those having 5 interacting partners
or less were 11.6% (P < 0.002). These observations are similar to that
observed in S. cerevisiae (Jeong et al. 2001). Therefore we suggest that
global structure of our PPI network reflects the actual PPl network in
cells.

10000
1000
©
§° 100
2
S 10
o
o
%
3 1
£
>
=2
0.1
0.01

Number of Interacting Partner (log scale)

Figure 5 Relationship between number of interacting partners
and number of proteins having corresponding number of
interacting partners
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Chapter 3. Discussion

We have developed the method to refine PPI data obtained from our
experimental method and constructed reliable PPl network at the
genome-wide level in E. coli. Our method was justified using cross
validation as discussed. Further validations were performed by curating
each interaction in the constructed PPI network. We found that some of
the interactions can be supported by literatures which are not found in
sources of our positive PPIs. For example, FIgN, known as a chaperon for
flagellum interacted with FIgL, suggesting the possibility that FIgN
transports FlgL. We found a literature relevant to this interaction (Fraser
et al. 1999).

E. coli genome data contain many uncharacterized and functionally
unannotated ORFs; the functions of thousands of predicted proteins still
remain unknown. However it is possible to predict functions of
uncharacterized proteins according to our PPI network (Brun et al. 2004;
Deng et al. 2003; Hishigaki et al. 2001; Marcotte et al. 1999). Interacting
proteins tend to share common functional roles. Therefore, functions of
uncharacterized proteins can be predicted according to the functions of the
interacting partners. The prediction in this way would be successful using
our reliable PPI network (Saito et al. 2002). The constructed network
contained 98 uncharacterized proteins. Fifty-four of them had interacting
partner(s) having only one function and therefore one putative function can
be assigned for each protein. Nine of them had more than one interacting
partners having common function (Table 4) and accuracy of functional
predictions for these proteins are supposed to be much higher than the other
ones (Saito et al. 2003b).
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Table 4: Prediction of protein function of uncharacterized proteins
from PPI network. Protein functions are obtained from GenoBase.
Numbers in parentheses denote the numbers of interaction
partners of known function.

Gene Functional prediction

frvA Transport/binding protein (3)
Tas Cellular process (7)

yadl Transport/binding protein (5)
yajC Cellular process (7)

ybeV Cellular process (3)

yhjK Energy metabolism (3)

yidC Cellular process (10)

yjcC Energy metabolism (3)

yliB Transport/binding protein (3)
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There are many multifunctional proteins in all cellular organisms. Some of
our PPIs connect two or more protein complex having different functional
categories. We looked for such type of interactions using functional
classification information and considered the novel functional roles of each
interaction. Interaction between protein complex of transcription and
replication mediated by NusA protein was observed (Figure 6A). NusA
binds directly to RNA polymerase and controls the anti-termination of
transcription by forming the complex with other factors such as NusB, NusG,
and Rho (Muhlberger et al. 2003). In fact, there were interactions between
NusA and subunits of transcription complex, RpoB-RpoC, in our positive
PPIs. On the other hand, we found novel interaction between NusA and
DnaE protein (DNA polymerase Il1), which interacted with DnaB DNA
helicase. DnaB and DnaE are components of DNA replication complex.
Therefore we suggest that NusA can also regulate anti-termination of DNA
replication as well.

Two protein complexes of chromosome segregation mechanism and
bacterial cytoskelton may be connected by a protein complex of sulfur
metabolism (Figure 6B). We found interaction between MukB and IscS in the
refined PPI network. Although it was not included in the positive PPls, we
found a literature reporting this interaction (Gully et al. 2003). However
interaction between MreB and IscS is not previously reported. MukB is one
of the SMC (structural maintenance of chromosomes) protein and essential
for chromosome segregation coordinated with cell division (Niki et al. 1991).
MreB is thought as component of cytoskelton network which is a structural
and functional homologue of actin in bacteria. MreB forms helical filaments
that extended along the long axis of the cell. It also has a regulatory role of
cell shape and chromosome segregation (Carballido-Lopez and Errington
2003; Kruse et al. 2003; Norris et al. 2004). IscS, initially identified as the
third cysteine desulfurase, encodes tRNA thiouridine modification enzyme
(Lauhon et al. 2004). IscS and IscU forms protein complex for the
biosynthesis of iron-sulfur clusters (Kato et al. 2002). IscA may be also
included in a component of iron-sulfur cluster assembly (Ding et al. 2004).
Gene cluster of iscSUA is highly conserved in bacteria. Recently it was
reported that IscA was localized in polar or near potential cell division site in
the cell, independent of reported positioning factors FtsZ and MinCDE
(Janakiraman and Goldberg 2004). However, relationship between IscA and
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MreB protein was not mentioned in this report. Thus interactions between
MukB, IscS and MreB may suggest new possible candidates of factors in
chromosome segregation and suggests that IscS has the other unknown
functions related to chromosome segregation in bacterial cell division.
Our method relies heavily on the tendencies of 7 indices in known PPIs
(positive PPIs). However there may be interactions which do not follow
tendencies in currently known interactions and our method may not
detect such interactions. To detect interactions having novel tendencies
using our method, we need appropriate training set; those which were
confirmed by reliable assay systems having no bias to particular proteins.
In summary, we have constructed reliable PPl network at the
genome-wide level in E. coli. The network suggested the novel roles for
various proteins participating in the network, showing the usefulness of
our network. We finally suggest that by integrating our reliable PPI
network with other types of genome-wide data such as protein-DNA
interaction data, more information on roles of each protein may be
extracted which may lead us to the discovery of novel biological pathways.
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(A)

(B)

Figure 6: Examples of the constructed PPl network. Solid
lines indicate interactions included in positive PPl data or
reported in the literature, and dotted lines indicate refined
interactions which are not previously reported. (A) Local PPI
network around nusA. (B) Local PPI network around iscS.
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Chapter. 4 Methods

Bayes' theorem is a simple mathematical formula used for calculating
conditional probabilities. By using Bayesian approach, we can predict the
probability of the object (it is PPI, in this paper) even when the part of
information is missing. The matters which are related to the object are
called evidence sources (ES). The probability of the object is calculated by
integrating these ESs. These are 2 kinds of Bayesian approaches to
integrate them. One is “Fully Connected Bayes”, which is used when there
are correlations among ESs and the other is “Naive Bayes” which is used
when there are no correlations among ESs. As we observed correlation
among each ES, we integrated ESs by Fully Connected Bayes.

To calculate the probability that given protein pair interacts using
Bayesian approach, at first, we calculated the score of every ES by the
pair of E.coli proteins. For example, the ES scores of “sucA” and “sucC”
pair is “Phylogenetic Profiling: 0.2, Gene Expression Pattern: 0.6, I1G: 2,
MMI: 2, Gene Essentiality: 1, Operon: 1”.

We counted positive PPls O positive]l ES1,ES2,ES3,,,0 , negative PPls
O negative| ES1,ES2,ES3,,,[1, and all pairs of proteins within E.coli
0 ESL,ES2,ES3,,,[1 by combination of these scores as the training set.

The probability that interaction occur between given protein pair having
ES1, ES2, ESS, ... is designated as P{positive| ESL, ES2, ES3,...) and
calculated using the following formula.

P(positive) P(ESL ES2,ES3,-- - | positive)
P(ESL ES2,ES3,---)

P(negative) P(ESL ES2, ES3, - - - | negative)
P(ESL ES2,ES3,--)

Thenumber of actual interactionsin acell
Thenumber of theall pairsof proteins

P'(positive| ESL ES2,ES3,,,) =

P'(negative| ESL ES2,ES3,,,) =

P(positive) =

P(negative) =1- P(positive)

P(positive) and P(negative) are the probabilities that interaction occur
and no interaction occur between given protein pair respectively.

P(ES1,ES2 ESS3,...| positive) is the percentage of the number of the

protein pairs that have scores of ES1, ES2,E S3,,, in positive data, which



is calculated as {positive|l ES1,ES2,ES3,...}{positive}. In a same way,
P(ES1,ESZ ESS3,...|positive) is {negative| ES1,ES2ESS,...}/{negative}.
P'(positive | ES1, ES2, ES3,...), P'(negative | ES1, ES2, ESS3,...) are
biased probabilities from each dataset (positive dataset, negative dataset).
Finally the probability P(positive| ESL ES2, ES3,---), coupled with positive
data and negative data is calculated according to the following formula.

P'(positive| ESL, ES2, ES3, - -)

RatioValue(ESL ES2, ES3,--) = ;
P'(negative| ESL ES2, ES3,- )

P( positive| ESL ES2, ES3, ) = — IOVAU(ESL ES2 ESS,--)
1+ RatioValue(ESL ES2, ES3,--.)

We searched the protein pairs of P(positive| ES1,ES2,ESS3,...)>=0.5 in
refining of experimental PPIls and genome-wide predicting, because of its
ratio values are more than 1. The ratio value is used for integrating ESs
by “Naive Bayes”. If we could found novel ES for PPl which is
independent of the other ESs, the integration of that is easily calculated
as the following formula.

RatioValue(ESL ES2, ES3, - -, Novel ES) = RatioValue(ESL, ES2, ES3, - - -) RatioValue(Novel ES)
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