Density Based Merging Search of Functional Modules
in Protein-Protein Interaction (PPI) Networks

WeiWan€and nwen Ma

Wep argment fInf rma1n _eenee eh 1 f Mathcg“na${cal _sEnees
AndL. MAM Pek n®thversty eynSl 0071, "hia
jwma@math.pku dedu.cn

Abstract. ® s¢ ver nEfUnet1 nal m dles n 2pr tenpr ten nierasi1 n (PP
netw rk s very mp riant f r Undersiand n€the r€anwayin and fUnetin f
the relajed b11 £l sysiem. The man sraeyf rihsdse very st translage
the PPl netw tk nt @ mathemay wa] &g h whh ean be anajyied w th &gph
the ry_ In thspde: weprp sc @ Wensty ased Mer&n€ earsh @ M )
A€ rthm 1 dse ver the ¢« mplexes faPP]¥rgeh ¢ rreg ndngt thelflis
t1n8 m dYes n the PP[ neiw rk. The ® M a1 € ryhm stargs fr m @ sn8e
vertex w th the hihest dens1y f ¢ nnesthS Shen adds 1's ne €hb r veriexes
w th the sUfeently hih densty f ¢ nnesin€ ne by ne and fnally bian

ne ¢ mplex when there 5 n vertex t be added. The same ® M pr eed're
¢an be ¢ nd%ied n the rest f the veriexes n the PPI gnabphstil ] the
¢ mplexes aef Und Y. It sdem nsirared by the exper ments n s x PPI daa
sets thag the ® M 2|8 r¢hn s eff went f r dse ver nS the ¢« mplexes f a
PP neiw rk %

Keywords: PP] netw rk, ¢ mplex, veriex, ¢ nne st nSrage, fiter.

1 Introduction

W ih the deve]l pment fpr t¢ missteshn 1 8Y a &eag nUmber flar&e daa seis
pr enpr e n nierde1 ns (PPI) have been aseUmYajed fr m thepr 1¢ m. exper
ments. AstUally a PP[ dagaser deser bes @ PP] netw rk wihm 2 1vn8 ecll. cecnt
stUdes [° have sh wn thay alar PPT netw rk ¢ nssts f s me s mg lexes wh h
¢ rre nd eertan fUnet1 nal m dYes wh elear bi] Ewal meanm&. . 1 5 very
mp r1ant and s1€nfeant t reved] the sirleare f alarfe PI netw rk ad fnd Y the
exstne mplexes n L

As a PPl netw rk ¢an be ¢ nsdered as an nierastin &gh a ¢ mplex ean be
maghemay wa]]y represented as a densely ¢ nnesied sU&gph n 1 In ths way the
dse very f the ¢« mplexes s eqYwvalent 1 the searsh f these denselY ¢ nnested
sUb&ge hs mthe wh Je PPI nteraetin &g h T thsend severd eff went 3 rthms
have beenpr p sed fr m d fferent ageets bl they ean be Eenerally d v ded ni the
wlunSand mer&n&searsh sdie res.

\ rregp nd n&alth r(\ .
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In the 91mn8 seareh the & ryhm stares fr m the wh le PPI nierastin &gph
It wlis the &gh mi eerian sUb&gphs f densely ¢ nnesin€ and then sheeks
whether these sU"b&ghsfithe ¢ ndiins fae mplex If s me sUb& 3 hs saysfy the
¢ nd11ns we deept them as the ¢ mplexes If s me sY&ghsd n 1 sasfy the
¢ nd11ns we ¢an f'riher 11 them mt smaller subgréphs f denselY ¢ nneetn&
and ¢ ninY% ths wlund nii all the ¢ mplexes are fnally f Unded. A 1 1]
example f the @lunS searsh s the GN a€ rihm [2 based | n the Hierarchical
Clustering. The HCS (H#hly " nneeied Ub &gph) a1 € r thm []5 5 an therexamp le

f ths sream whuh eassf es the veriSxes nt sUb&gehs based n rthe shpilarity
berween eashp 3]r f vertexes. The RSNC ( eswr sied Ne#hb rh  d _earsh ']Ysier
nd a8 rthm s5ds asYshknd fmeth d by mplemenin€ase § based ¢ Usger
némeshansm 1 dent £y the ¢ mplexes.

Asf r the mer€n€ searsh the a1 € r thm syarys fr m the m st denselY ¢ nnesied
vertex extends t nt @ ¢ mplex by add n€ the denselY ¢ nnested veriexes Unti n
sUsh veriex ean be f Unded. Then the mer€n€ searsh sarres n the resy f veriexes
and ¢ ntnles the samepr eed e il al the ¢ mplexgs are f Und_ A representdive f
the mer€n€ sear¢h 5 Newman’s = asy AI€ rthm [5. whih ¢ ndYes the mer€né

AN AanevalYagr nflnet1 n @ sUshthaga & Y f veriexes ¢an be mered ni
¢« mplex as 1 n& as Q@ has the lar&esi nergment. E@ red by Ncwm?’s w rk
1aYset fUrther pr p sed @ &eedy a€ rthm [6 wheh gan be Gopled i ?rylargc
netw tks. esentl¥ gder and H &l pr p sed the M '@® (M Jeelar " mplex
Detest1n) A8 rihm®” wheh Y i ses the « negt f veriex we ®hin€ and ean den
11y the ¢ mplexeseff wently.

Inthspdper nlEht fihe merEnEsearsh wepr p se aWensty ased MerEns

cearsh @ M ) a€ rihmf rdse vernEihe ¢« mplexes faPPL &gpth w th the hel
f the « Mol f veriex densty f ¢ nnestn& Thay 5 by def nn€ the ¢ nnestn
denst1Yf r each vertex we ean fnd the densest verex searsh xs ne £hb r veriexes
w th the hi¢h en Y&h densies and fnally fnd @ ¢ mplex n the &g h_In the same
wayf riherest f the veriexes and sigp bY sigp. we sanfnd Yy 4]l the ¢ mplexes
the &gh It 5 dem nsiraged by the exper ments n sx PPI dagasets thay the ® M
a € r yhm icff sentf rdse vern€ihe ¢ mplexes f aPPI netw rk_ In ¢ npéis §1
wihthe M "@® a8 r¢hm the® M a3 € ryhm bians a beyer resUWif r d se ver
nEihe « mplexes bY 1 5 ¢ mp Ui Nally expens ve.

2 The DBMS Algorithm

2.1 The Characteristics of a Complex

A ¢ mplex n aPPI &g h sh UYdrepresent s me fUnet1 nal m dYe whh nv lves a
nYmber fpr te s densely ¢ nnesied 1 &ether. Thay 5 mathemagwa]ly a ¢ mplex s
eerianly a densely ¢ nneetn® sUb&gph f a &gh H wever there has n 1 been a
Unfeddefniin fae my lchYcL Infaet 1 was def ned n d fferent ways relaged

the ¢« mplex sear¢h meth ds.© r example rUn [ and amama [ ¢ defned the
de&ee f smiaryy begween tw  nieraer1h vertexes vE ther ¢ mm n neihb r
vertexes Y1i e these smiar 1y de&eesf r ol Uster né analys s and re 8ard the ¢ Usters
as the ¢« mplexes. ®n the ther hand Way ey al. [1° def ned the densty f a &aeh
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Fig. 1. The PP[ &dh w thf ve elear ¢ mplexes Fig. 2. The sketeh f a ¢ mplex

and ¢ nsder adense sUb&gph as a ¢ mp fex T r &9 h G w th n veriexes the ed&s

fGwilben tm rethanemax n(nl )2 when G s an Und rested &3ph the edfes
fwhshhaven drestins. . . d e emax «3anbe def ned as the dens1y f G where
e sthe nmber fed&%s n Q. We ¢an def ne that G 5 dense when d & &eager than a
serianp stwve thresh 1d.

Ins me peefs PPT &gphs we eaneasiyfnd Y these dense sUb&dp hs and ae
sopt them s the ¢ mplexes. BY%el Ewves sUsh anexample H wever n &eneral the
dense sUb&gehs are n 1 sqp araged s elearlY epee@lly when there are th Usands f
veriexes nthe &3 h.

ased n the pr ¢ mues exper ments and b1] Ewa experenees we have the

f 1B wn€ e¢haracerstes £ a ¢ mplex (). N vertex bel n& 1t tw r m re

¢ mplexes (2). A veriex bel nS 1 @ eertan ¢ mplex f 1 has ahh defree (3 A

eriex w th a] w defree ¢an be n @ ¢ mplex as a term nal veriex_ In fasi as sh wn

" 8%e 2 the m st f the veriexes have ne defree bYi they san be n the ¢ mplex

M re ver f averiex Pbel n& 1 ae mplex . the m st f the veriexes ¢ nnestn®
1t Pareas nS._

2.2 The Description of the DBMS Algorithm

We bent def ne the densty f veriexp by

pp:(z dv+d;)"dp' )
v U,

where dv sthe de&ee f the veriex v v , 5aset f veriexes thay are the ne &hb rs

fp_®bvi UslY we eanf iter the veriexes w th a small dens 1Y s nee they are Eenerally
5 laied and d n 1 bel n€1 any ¢ mplex Here a veriex s fitered Y bef re the
¢ mplex searsh f is densty s less than 3 Afier then we wyt1 dwvde the remanné
veriexes nt s me sUb&ghs n rder 1 seareh the ¢ mplexes. AetYally we fUther
need the ¢ neget f ¢ rrelain n between a veriex and adense s"b&gph ra e mp 1cxs
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whuh sassUmedt ¢ nsst fnveriexes 1e. S =n_Guwvenavereex P 4 , = m-

we hpe t dentfy whether P S _ ®bvi Uiy P be]l n& 1 _ fmst fPs
ne®hb rsare n Y se there are k veriexes f _ ¢ nneetn® vsbnh Ps kK<n
and k¢ < d, . wedefne ¢ = k . n as the ¢ éclan nde&ee Py

b
P be] nit < feslafen Y8 Assmethey P S fc=2— s tha P S
n

\
f k=2b _ learly b sh Ud neease wih n bY% the rage f nerease sh Ud
bee me relagvely smal. As we let b be prp riina 1 1 €n. we then &

b=mm{ &n f\}. where f s areal nUmber rejaged w th dp 1 bajane ] En

snee 1 maybey lar& Infae fdp ssmalerthan] €5 andp =1 &n. P
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3 Experiment Results

3.1 The PPI Datasets

APPldaaser ¢ nssts fa& Y fedfes s nnestnEtw pr e ns Ins me edses the
PPl dai'm even represenis the swen&h f the edfe bY here we nly e nsder
whether tw pr tens are ¢ nnested. . . 1 s edsyt wans|2e the PP da@a m a PP|
&3 h where eash veriex serves as agt 1en. M re ver f r eash veriex we ean &t 1s
ne hb rser 1e. the set fall the ne®hb rs f 1

" rihe exper menis we Yseyqw knds f PPl daiasers Thefrsik nd fdaiaser s @
smYaed ne as sh wn by ~ €%e 1. n whush there are 59 veriexes and B7
ed&s. The seg nd knd f daasers are e1dhy redl w rld PPI dagasets d wnl aded
fr m The Daabase f InterasinEPr e ns (WIP hiw dp d e mbiUdaedY) peef
«dly they are ‘ele2009 026 Dme]@200 026 « (2000026 Heyl 20094 26
Hsgo 20094 26 MmUse2009 € 26 n rv2009 0 26 and _ecre200 0 26
\a In the exper ments we wil ¢ mpare the ® M a €% thm w th the we w il take
‘RD a € rythm wh se ¢« de 5d wnl aded fr%m %tp _www baderjab_ r&€  fyware
M'oD _ S

3.2 Simulation Results

We befn 1 mplement the ® M a8 rthm  n the smYaed daases 1e. the
PPl &3h Even by’ Elel Wh &) the base f the I Sar hm s the nag%al nUmber

e. and A= 05 (e, f= ._Adp _ The resUlts f the ¢« mplex dse very by b th

the ® M a & r yhm apd the M\‘.B a€rthm nthssmYaed dajaser are Even
n TaBgelS K

It ¢3an be f Und fr m Tablel thay b th the ® M  apd M\.‘D a1 & r thms have
f Und f ve ¢ mplexesfr m the PPI &gph bl th Ae §'mp1cxcs f the tw a8 r thms
are q Uye d fferent n the way f ¢ nient as well as the nUmber f veriexes. Y sheek
n& these resYits wih [ 18%e 1. we have f Und thay the ¢ mplexes f URd by the
®M 2 8ryhm are ¢ hsstent wih the fve wle ¢ mplexes. H wever the ¢ m
Plcx? f Und by the M '@®D a8 ryhm are nt s ¢ nsstent wih th se wle
¢ mplexes. Theref re we ean ¢ nsder the WM a€ ryhm 5 m re eff s ent than
the M "®® a€ rthm nthe ¢ mplex dss ver yait th s exp er ment_

3.3 Experimental Results on the Real-World PPI Datasets

We f%ther mplement the ® M a€ ryhm  n the e ®hyreal w rld PPI daasets and
sUmmar pe the exp er mentdlFeslis 1 ¢ mplex dse very n Table 2 where #vexes
den tes the nUYmber f veriexes n the PPI &g h « rregp ndn€ ¢ the daases
# vexes den tes the nUmber fremann& veriexes n G 3 the end 1 the a1 & r thm
#edfes s the nUmber fed&s nihe PPI &gh # edfes s ghe nUmber fremanné
ed&s ¢ nnestnS 1w vertexes n G a the end f the A€ ry #e mplexes den tes
the nUmber f ¢ mplexesf Und bythe a8 rthm and _weL " den tes the sue 1e.
the nUmber f veriexes nthe larfest ¢ mplex.
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Table 1. The ¢« mplex d se vcri‘rCS“lts fthe ® M and M\.'D al€ rthms n the smY
lated PPI dajases gwhere eaeh ¢ [¥nn represents a% n’; lexf UYnd_ The blapk fil w th Yell w s
the veriexes n t &\handlcd by M "@® . apd the blank il w th bjY% 5 the veriexes wh h are
m s¢] Usiered byM " @D
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dse very whh ean be dem nsiraied by the exp er menia] fes'lts sh wn nl s 5
f r the iatascts n rv2000 0 26 regesively AaUally n El%e S we ean fnd thay
the « mpYexes f Und by the ® M a1 € r yhm are m re reas pable thap th se £ Und
bythe M "'@® a€ryhm. & S

InasUmmary the® M a]€ ryhm ean be eff s enilY mplemented 1 d sc\\(cr the
¢ mplexes n a PPI g@, hS r dajasey. M re ver 1 s even beer thay the M " @D
a1 € r thm n eeryan eadses.

Fig.3. The PPl &3h ff r n rv2000 026  Fig. 4. The ¢« mplexesf Und n rv2009 € 26

(@ (b( (¢

\
Fig. 5. The « mp ar s n between the ® M,\and M'®® aSryhms n n rv20000 26 (a) 3
¢« mplexes (ereled o Usters) f Und by the Me® a8 ryhm. (b). The irl% ¢ mplexes Even n
the daasetf r ehesk (s). The ¢ mplexesf Und bythe ® MS a € r thm_
2
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5 Conclusions

We have nvest€ated the d se very f the fUnet1 nal m dYes r ¢ mplexes n apr
tenpr ten nierdstin (PPI) netw rk r &g h and have pr p sed the dens 1y based
mer&n& seareh a€ rthm 1 dse ver the ¢ mplexes f r a PP] dagaser. The ® M
a€rthm s aknd f mer€ng seareh pr eed%e whih ¢ mbnes the hiShlyse »
nesied veriexes fr m any veriex w th the hifhest densty sigp by sigp ¢ f rm 2
¢ mplex It s dem nsirated by the exper ments n b th smYaed and real w rid PP
dajasets thag the ® M a \[ thm 5 Jplable and eff went f r ¢ mplex dse very
and even Uperf rAhs e M @D a&rghm
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