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

We 1Wangand ] nwen Ma

Department @ In ermaten e enee  sheel ¢ Mathgmat sal ¢ enees
ndL M M,Pckngslhlvcrs Sy, eyng] 1?’h1§a
jwma@math.pku.edu.cn

Abstract. D seeverng Unet mnal medles n a prete n prete n nterast mn (PPI)
netwerk 5 very mpertant er Understand ng the ergan zat wn and Unetmn e

the related b mle gsal system The man strategy er th s d seevery s te translate
the PPI netwerk nte a mathemat sal graph wh sh ean be analyzed w th gaph
theery In ths paper we prepese a Wensty_ ased Mergng ,earsh (B, M )
al ger thm te d seever the semplexes @ a PPI Zraph corrcsponé’ngto the Un%

tsnal medYles n the PPI netwerk The B, M‘, al ger thm starts rem a snge
vertex w th the highest densty @ sennestng $hen adds t’s ne 1ghber vertexes
wth the s sently high densty @ senncstngene by enc_and nally ebtan
enc semplex when there s ne vertex te be added The same DI M, presedlre
ean be eondUsted en the rest @ the vertexes n the PPI gaphStil all the
semplexes are oUnd oY% It 5 demenstrated by the exper ments on s x PPI data

sets that the B, M algerthm s ¢ sent er dseever ngthe semplexes @ a
PPI netwerk
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1 Introduction

W th the develepment @ pretcem ®s teshnelegy a great nUnber o large data sets @
prete n prete n nterast mns (PPI) have been aseUmYated rem the pretcem s exper 1
ments tually, a PPI dataset dessr bes a PPl netwerk wthn a lvng sell Resent
stUdes [| * have shewn that a large PPI netwerk censsts @ seme semplexes wh sh
sorrcspond sertan Unet mnal medUles w th slear b mle gsal mean ngs e t B very
mpertant and s 1gn 1 sant te reveal the strltUre @ a large PI netwerk ans nd oY% the
ex stngeemplexes n t

s a PPI netwerk san be sensdered as an nterast®n graph a semplex ean be
mathemat sally represented as a densely sennested sUbgaph n t In ths way, the
dssevery o the semplexes 5 eqYwalent te the scarsh @ these densely sennested
st graphs n the whele PPI nterast mn gaph Te thsend several e s ent al ger thms
have been prepesed rem d1 erent aspests bUt they ean be generally d v ded nte the
spl tt ngand mergn gsearsh sate gor es

&~ orrespond ngalther
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In the spl tt ngsearsh the al ger thm starts rem the whele PPI nterast mn graph
It splts the gaph nte sertan s'bgaphs e densely sennestng and then sheeks
whether these sUbgraphs 1 the send t »ns @ a semplex I seme sUb graphs sats Y the
send t ®ns we assept them as the semplexes I seme sUb gaphs de net sats Y the
send t»ns we ean Urther splt them nte smaller sU graphs @ densely sennestng
and eentn'e ths splttng Yntl all the semplexes are, nally eUnded typ sal
example @ the splttng searsh 5 the GN alger thm [2° based en the Hierarchical
Clustering. The HCS (H 1ch19”~ennested ‘,ub gaph) al ger thm [ ; 5 anether example
o ths stream whsh slass1 es the vertéxes nte sUb graphs based en the similarity
between eash pay e vertexes The RSNC (Restr sted Ne ighberheed ear«®~1Uster
ng algerthm [ ~ 5 alse a sUsh knd @ methed by mplementnga us‘l based ] Uster
ngmeshan sm te dent1Y the semplexes
s er the mergng searsh the alger thm starts rem the mest densely sennested
vertex extends t nte a semplex by add ng the densely sennested vertexes Unti ne
sUsh vertex san be elnded Then the mergng searsh sarr es on the rest @ vertexes
and sent nUes the same presedlre t1l all the semplexes are eUnd  representat ve @
the mergng searsh 5 Newman’s Fst 1gerthm [5 ,whsh eendlYts the mergng
presess v i an eval'atmn Unetmn  sYsh that a greUp @ vertexes ean be merged nte
a semplex as leng as  has the largest ncrc1ncnt Insp red by Newman’s werk
®~lalUset Urther prepesed a greedy alger thm [6° wh sh ean be appl £d te very large
netwerks Resently er and Hegle prepesed the M~@D (MelesUa® ~emplex
Petest mn) al ger thm"& wh sh Y1 zes the sensept @ vertex we ight ngand ean den
t1Ythe semplexes e ®ently
In th s paper n light @ the mergngsearsh we prepese a Pensty_ ased Mergng
,earsh (B, M ) alger thm er d seever ngthe semplexes @ a PPl graph w th the help
9 the coneep? @ vertex densty @ sennestng That 5, by de nngthe sennestng
densty er eash vertex we san nd the densest vertex searsh ts neighber vertexes
w th the high enelVgh denstes and nally nd a semplex n the graph In the same
way er the rest @ the vertexes and step by step we ean nd el all the semplexes o
the graph It 5 demenstrated by the exper ments en s x PPI datasets that the B, M |
algerthm se wsent erdseever ngthe semplexes @ a PPI netwerk In eempar sed
w th the ®~@D al gor thm the M | alger thm ebta ns a better resUlt eor d seever
ngthe semplexes b'% t 5 sempYtat »hally expens ve

2 The DBMS Algorithm

2.1 The Characteristics of a Complex

semplex n a PPI graph shelld represent seme Ynet mnal medYle wh sh nvelves a
nUmber @ prete ns densely sennested te gether That 5 mathemat sally a semplex s
sertanly a densely sennestng sUb gaph @ a graph Hewever there has net been a
Uniedde ntene asemplex Yet In aet f was de ned ndi erent WTYS related te
the eemplex searsh metheds Br example _ rUn [9" and ,amanta [ * de ned the
degee @ smiarty between twe nterastn vertexes v ther semmen ne ighber
vertexes Ui { gze these s m larty de grees er slUster n % analys 5 and re gard the ¢]Usters
as the semplexes @n the ether hand Watt et al [[1” de ned the densty @ a graph
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Fig. 1. The PPI gaph w th wve slear semplexes Fig. 2. The sketesh @ a semplex

and sens der a dense sUb graph as a semplex Br gaph G w th n vertexes the ed ges
e G wil be net mere than emax—n(nj) 2 when G 5 an UYnd rested gaph the ed ges
e whshhavenedrestmns o d—e emax ean be de ned as the dens tye G where
e 5the nUmber @ edges n e Wc san de ne that G 5 dense when d 5 grcatcr than a
serta n pes t ve thresheld
In seme spee1 s PPI gaphs we san eas1y nd el these dense sUb graphs and as
scpt them as the semplexes  Helre] gwves sUsh an example Hewever n general the
dense s graphs are net separated se slearly espes nlly when there are the Usands e
vertexes n the graph
ased en the pretcem ss exper ments and b mlegwal exper enses we have the
ollew ng sharasterstss @ a semplex (1) Ne vertex beleng te twe er mere
semplexes (2) vertex belengs te a sertan semplex 1 t has a high degree (3
vertex w th a lew de gree san be n a semplex as a term nal vertex In ast as shewn
Kelre 2 the mest @ the vertexes have ene degee bl they ean be n the semplex
Mereever 1 a vertex P belengs te a semplex  the mest @ the vertexes sennestng

te P are alse n y S
S

2.2 The Description of the DBMS Algorithm

We begn te de ne the densty e vertex p by

pp:(z dv+d;) dp’ Q)
v U,

where dv sthe degec e thevertex v U =~ 5asete vertexes that are the ne ighbers

e p ®bvelsly we ean iter the vertexes w th a small dens ty s nee they are generally
selated and de net beleng te any semplex Here a vertex 5 itered ol be ere the
semplex scarsh 1 s densty s less than 3 ter then we try te d v de the remanng
vertexes nte seme sb gaphs n erder te searsh the semplexes  stYally we Urther
need the senecpt o serrelat mn between a vertex and a dense sUb graph er a semplex
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wh sh 5 assUmed te sensste n vertexes 1€ S =n Guwena vertex P d , = m

we hepe te dent1y whether P § @bvelsly P belengs te = 1 mest @ P’s
ne ighbers are n = Uspese there are k vertexes @ _ sennestng wYh Psek <n
and k < d, Wedenec = k n asthe cordclat mn degece Pto .

b
P belengs te ¢ 1 ¢ 5large ene¢h ssUmethat P S 1c=2— sethat P S
n

1 k=b ®learly, b shelld nercase wth n bl the rate ® nerease sheUld
beeome relatvely small s we let b be prepertmnal te legn = we then gt

b=mm {egn f }where s5areal n'mberrelated wth d , te balanee logn

snee t may be tee larg In ast 1 dp 5 smaller than le gn and b = legn | P
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3 Experiment Results

3.1 The PPI Datasets

PPI datasct senssts @ a Jelp @ edges sennest ngtwe prete ns In seme sases the
PPI datUm even represents the strengh e the edge bl here we enly eens ﬂcr
whether twe prete ns are senncsted o t 5 easyte translate the PPI data nte a PPI
graph where eash vertex serves as a ﬁote n Mercever er eash vertex we san gt s
ne ighber set 1e the set @ all the ne ighbers @ 1

br the exper ments we Use twe k nds @ PPI datasets The rstknd e dataset 5a
smYated ene as shewn by Hglhe | n whwsh there are 59 vertexes and 3
edges The sesend knd e datasets are eight real werld PPI datasets dewnleaded
rem The Patabase @ Interast ngPrete ns (BIP http dp dee mbillaedY) pes1:
sally they arl®cle? 9 126 Pmela2 9126 colD 9 126, Hpyle2 Se 126,
Hsapf) 9126 MmYse2 9126 Rnerv2 9126 and sere2 926
In the exper ments, we w il sempare the B, M algo'?thm w th the we w1l take

®-@d alger thm whese sede 5 dewnleaded rém http www baderlab erg e tware
!-eo» S

3.2 Simulation Results

We begn te mplement the M algerthm en the smYated dataset 1e  the
PPl graph gven by Helre | e sét the base @ the legar thm 5 the natural n mbcr

e,and A= 5 1e f= d, The res'its @ the cemplex d seevery by beth
the M | al ger 1hm and the H" @D alger thm en th s s mYated dataset are gwven
n Table 15

It san be eUnd rem Table | that beth the Dil M  and ®~@D al ger thms have
oelnd we semplexes rem the PPI graph bU these &mplcxcs e the twe alger thms

are Ute d1 erent n the way @ seentent as well as the nUmber @ vertexes _ ¥ shesk
ng these resUlts wth Hglre | we have eUnd that the semplexes o‘irlld by the
PM,  algerthm are sensstent wth the we tre semplexes Hewever the sem

pleXed oUnd by the ®~@D algerthm are net se sensstent wth these trle
semplexes There ere we ean sens der the D]\@ , algerthm s mere ¢ s ent than
the ®~@D al ger thm en the semplex d seevery 2 th 5 exper ment

3.3 Experimental Results on the Real-World PPI Datasets

We Uther mplement the B, M = alger thm en the ¢ 1ght real werld PPI datasets and
sUmmar ze the exper menta rcsglts o semplex d ssevery n Table 2 where #vexes
denetes the nUmber o vertexes n the PPl graph eerrespend ng te the dataset
#Rvexes denetes the nUmber @ remanng vertexes n G at the end @ the al Ser thm
#edges 5 the nUmber @ ed gs n the PPI gaph #Redges s the nUmber @ remanng
edges sennest ng twe vertexes n G at the end e the al gor thm #semplexes denetes
the nUmber @ semplexes o'nd by the al ger thm and ze® " denetes the s re 1€ |
the nUmber @ vertexes n the lar gest semplex S
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Table 1. The semplex d seovery resUlts @ the B, M , and M-@» algerthms en the smY
lated PPI dataset, where eash selUmn represents a’¢emplex oUnd The blank il w th Yellew 5
the vertexes net be handled by ®~ @D ,and the blank il w th blY% 5 the vertexes wh sh are
m selYstered by @D
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d seevery wh sh ean be demenstrated by the exper mental resYts shewn n  Eelres 5
or the datasets Rnerv2 9 26 respestvely sttally n Helre 5 we ean nd that
the semplexes oUnd by the DE MS al ger thm are mere reasenable than these eYnd

bythe ®~@®P alger thm

In a sYmmary the D; M _algerthm ean be ¢ ®ently mplemented te d ssever the
semplexes n a PPI graphsor dataset Mereever 1t 5 even better that the "-o»

alger thm n eerta n sases
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the dataset er eheek (s) The semplexes oUnd by the D} MS al ger thm
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5 Conclusions

We have nvest igated the d seevery @ the Unet mnal medVles or semplexes n a pre

te n prete n nterast sn (PPI) netwerk er graph and have prepesed the dens ty based
mergng searsh alger thm te d seever the semplexes er a PPI dataset The M
algerthm 5 a knd @ mergng searsh presed're wh sh semb nes the highl ung
nested vertexes rem any vertex wth the highest densty step by step te erm a
semplex It 5 demenstrated by the exper ments en beth s mYated and real werld PPI
datasets that the M  algerthm s applsable and ¢ ®went er semplex d seevery
and even o Yper erms the M~@D al ger thm
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