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Motivation from
Biology

A*STAR

Proteins

» 4 types of reps for
proteins: primary,
secondary, tertiary, &
quaternay

* Protein interactions play
impt role in inter cellular
communication, in signal
transduction, & in the
regulation of gene
expression
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Binding Sites

» Discovery of binding
sites is a key part of
understanding

mechanisms of protein Computational "'“'b“a::d
interactions Saq“e"“//*
\ / ;
 Structure-based fiowitriE 2 Doman
Structure \Discwery Dma.m :I
approaches based | \ _;\\ Interactons /
- E.g., docking odking) || S
— Relatively accurate
— Struct must be known &b?;ﬁx
= Sequence-based
approaches
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Typical Sequence-Based Approach

» Typical sequence-based approaches have two
steps:
— Use pattern discovery algorithms to discover
domains and/or motifs of a group of proteins

— Use domain-domain interaction discovery methods
(e.g., domain fusion) to discovery interacting
domains

e Shortcomings:

— Protein interaction information is not used by motif
discovery algorithms

— Exact positions of binding sites often not recognized
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How about ...

* How about making use of known protein-
protein bindings to guide the discovery of
binding motifs?

IR
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Protein Interaction Graphs
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Bipartite Subgraphs

SH3 Proteins SH3-Binding

Yi2dc & Proteins
Yvs167 O3

Bdcl @&

Thelarger this group,
the more likely their

active siteswill show
up clearly in amultiple
alignment? I2R
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Problem Statement
Given a PPl expt E, the problem is

(1) To find all pairs X, Y of interacting protein
groups, so that

(1.1) every protein in X interacts with every
proteininyY, &

(1.2) X and Y are as large as possible
&

(2) To identify “good” binding motif pairs from
these pairs of interacting protein groups a
IR
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Recasting As a Graph
Theory Problem

STAR

PPI Expt As a Graph

* PPI expt E as undirected graph GE = (VE, DE),
— where VE are the proteins and DE the edges,

— so that two proteins are connected in GE iff
there is a binding betw them in PPI expt E

» Let LE(p) denote the neighborhood of protein
p in GE

« Let LE(P) = [1,.p LE(p) denote the common
neighborhood of all proteins in P in GE
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Maximality

Proposition 2.1

Let E be a PPI expt. Let X,Y be a pair of
protein groups so that X = LE(Y) and Y = LE(X).
Let X', Y’ be another pair of protein groups so
that X' = LE(Y?), Y' = LE(X"), X'c X, &Y' Y.
Then X=X"and Y = Y".

= In other words, if X = LE(Y) and Y = LE(X), then

X,Y is a maximal pair of protein groups that
have full interactions

2
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| —(1.1) every protein in X interacts with every
proteinin Y, &
_\(1 2) X and Y are as large as possible

Problem Statement ReC aStl n g tO

Given a PPI expt E, the problem is

{1&91‘?'1“‘:13 ig?ﬁ;rts XY of interacting protein G r ap h T h eo ry

5 * X, Y is a pair of

{2) To identify "good” binding motif pairs from

these pairs of interacting protein groups 5 . I nte racti n g p rote I n

J
11

12

groups in PPI
Maximality eXpt E Iff X =

* Proposition 2.1
Let E be a PPl expt. Let XY be a pair of LE(Y) and Y =
protein groups so that X = L5(Y) and ¥ = L5(X)
Let X'.Y" be ancther pair of protein groups so LE X
that X' = LE[Y"), V" = LE(X'), X'c X, &Y' c ¥
Then X =X and ¥ =Y

= In other words, if X = LE(Y) and ¥ = LE(X), then
X.Y is a maximal pair of protein groups that
have full interactions
A.
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Max Complete Bipartite Subgraph

» Agraph H=(V,uV,, DY) is a maximal

complete bipartite subgraph of G iff

— H is a subgraph of G,

—V;xV, =DH,

-VinV,={}, &

—Thereisno H' = (V’;uV’,, D) with V, < V';
& V, c V', that has the same properties
above
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Max Complete Bipartite Subgraph Th e CO n n eCt | 0 n

= AgraphH= W!H’ Vs, Dl'_‘} is aLmaxin_mI
S b to Graph Theory
—\ _:: ;\\'\rj:zl:{:'&

/\The:e isnoH =V, DM)withV, c V',

:b\.-'oilec\f'zthai has the same properties ° X, Y |S a pa|r Of
" interacti_ng protein
groups in PPI
;S:):r;p;xo?gél\?;tlhx)k()ﬁ lzjlepzllir of expt E Iff H = <X
g e Y, Xx Y ) is max
Full interactions betw X and Y Complete blpartlte
Xx Y = DE|

subgraph of GE

By excluding self-binding, we have X
nY={
e By Proposition 2.1, we have H is max
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Therefore ... But ...

» Therefore, to find pairs of interacting protein
groups, we can use algorithms from graph
theory for enumerating maximal complete
bipartite subgraphs

» According to Eppstein 1994, this has
complexity O(a3222n), where a is the aboricity
of the graph and n the number of vertices

» This is inefficient because a is often around 10-
20 in practice

2
Copyright © 2005 by Limsoon Wong. a | R

AAAA

Recasting As a Data
Mining Problem
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From PPl Expts To Transactions

* In PPI expt E, we obtain for each protein p, a
list LE(p) of proteins that bind p
— assume p&LE(p), as such expts are not intended to detect self-binding
— assume geL&(p) implies pe LE(Q), as binding is symmetric

» LE(p) can be thought of as a transaction & t&(p)
as the “id” of this transaction

= E can be thought of as generating a db of
transactions D = {t&(p,), ..., t&(p,)}, where p,,
..., Px are all the proteins involved in E

—> a set of proteins X can be thought of as a
pattern in DE if there is t&(p)e DE st Xc LE(p)ﬂ
IR
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Example

« Consider expt E with 5 proteins py, ..., ps, St p,
and p, bind every protein except themselves

e Then DE looks like this (asamatix:

| IENEEE

i) || O £ | £ | 0| 0
tH{pa) 1 a | I 1 |
t(pa) | | o |1 |
t{pa) 0| I ! 0| 0
flpe) | O £ | £ | 0| O
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Notations

 Let sE(d) denote the protein p st t&(p) = d

= s5(t5(p) =p

 Let tE(X) denote the set {tE(p) | pe X} of
transaction id’'s, where X is a pattern in DE

» Let sE(T) denote the pattern {sE(d) | deT}

» Let [|p|]E denote the set {tE(q) | peLE(q)} of
transactions in DE in which p occurs

= t5(p)< [|al]* implies t~(a)<[|p]*
« Let [|X|]E denote the set ] pex LIP[]E of
transactions in which the pattern X occurs a
R

tE(Y)]IXI]¥ implies tE(X)|Y[]=

Copyright © 2005 by Lirhsoof
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Closed Patterns

o Let [X]E ={Y | [IY]IEF = [|X|]E} denote the
equivalence class of the pattern X in DE

» A pattern X is said to be a closed pattern of
DE iff X = closedE(X), where {closed&(X)} = max

[X]
‘ﬁF\‘
LI
/,/ /,ﬁ ’:“.\»
Tahle 1: A transaction database T7 -=57 = Ly N e e <
Transaction-id Ttems tad, hd sacdy eod)
AT S e S
T a,e,d 41@ g - \.‘_\h\%
§f 21 Lol 7 2 ) 'x.ud'. ﬂ,*\;'a':i‘ 3:#;-1:'-1%:3" “eerd
5 a,hb,c e, * ’\::».\_.';.‘;qf_ g e 7
Ty b,e 5 N -
F a,b, e e
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Key Proposition

» Proposition 3.2
Let X be a closed pattern in DE.
Then X = s& [|s® [IX]]* []F
sHIXIT®

[ pE s [pa [ps
( 0 AN 0 0
[IX ”\;:i;% TN oy 711

tipa) 7 7
tpa) 0 i I 0 0
tips) [ i I 0 0

[IsFIXTI=E
Copyright © 2005 by Limsoon Wong. |2 R

A*STAR

Proof

Lemma 3.1 [X ]] = [s%( [[E(HX]]E:']]E:‘]]E-

Proof: Fx;sruepm\gﬂY] C [ |[[s |[[Y] ]] ]] . Suppose d € [s¥ ([s¥( |IY]| ]] ]] . Suppase d' €
[E(IXTEF. Suppose d” < [X]¥. We have (i) d' € [sF(d")]" and (i) d € [sZ(d)]". B\ the symmetry
of high-throughput protein-protein interaction experiments, we also have (iii) d” € [sF(d") ]] and (iv) d' €
[sE(d)]| . Note that d, d, and d" are arbitrary. Thus from (iii) we get d" € nd&[sE([‘{]E 1= [5 (d")] B

Mpeor o) 117 = [E@E X PNE. Hence [XTF € [<F ([ (IX]F 1)) %.

Next we prove [s5 ([sF HY]] ]] ]] [Y]] Suppose p; € s 'l’[[Y]E This means that t¥ (p,) is a trans-
action in which X occurs. By our regmmmem of svimmetry on high- Mmugi?pm protein-protein interaction
experiments, we have X C sF([p]7). Note thar p; is arbitrary. So X C ﬂm&sgu{,{ﬂg sE ([ ]]Ew So

X C s5([s¥ L[[X] ]] .So[s ([s* |IY]] ]] ] CHY] This completes the lemma. n

Propaosition 3.2 Let X be a closed parrern in DE. Then X = s ([sE(ﬂX]]Ej]]E‘u

Proof: By Lemma 3.1, we have [sF ([sZ| |IY] ]] ]] [Y]] ButX isa do.sedpa{rem in DE. So for all
X' such that [X'|F = [X]¥, it is the case that X' C X. Therefore sF [[s ([X]5)]%) c xE. ifsa,ﬁt:m

the proof of the second part of Lemma 3.1, we have X C ¥ ([s¥ ||IY] ]] . Thus X = s ([s* HY]] ]]
as desired.

2
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Consequently...
* Corollary 3.4

Let X and Y be closed pattern in DE.
Then X = Y iff sE [|X]]E = sE [|Y|]E

Prooft The lgf-fo-right divection iz tfrvial So we prove the vighe-fo-lefi divection. Suppese :-E:|X|E} -
SR Then B QX5 ) = BB (¥ ]515 ). Be Prapostiton 2.2, X = S ([SEJX]50F) =

SPERYPENE =Y.

* Proposition 3.5

o

For any pattern X, we have X n sE [|X|]E = {}

Proaft Byagfntton. s& (XTI ) = F M, o [Pt = B0, o 5 Ipsi e 2 L5 G}t = M e w2
LE(p, ). Supgose p € (,ex iy | 7o € L5 ()} T for eochipy € X, we heve p, € L5 (p). Br var
constraie o fieh-throsehyus protefn-protein fnteraction experivrents thatp  E5 (o), we conclade that fur
exeh pe € X, 7 mnat be the case that pr == Heweg p £ 5. Then X i'I:-EEl."‘."E] =4} [n]

Copyright © 2005 by Limsoon Wong.
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Implication

» Corollary 3.6
Let E be a PPI expt.

Consequently...

+ Corollary 3.4
Let X and Y be closed pattern in DE
Then X = Y iff sE [IX|E = sE [Y[E
Pront; 7 IrJ,I « o8 st e ad ;‘N, oo p il
. v ) )
+ Proposition 3.5
For any pattern X, we have X ~ s [|X|F = {
Frot "= I e U [ € EE iR = Mg

Let C be the set of closed patterns of DE.

Then |C| is even

Prooft By Coroffary 3.4, s& o [JF tra bitecrive flnerion flow © ro . Thas, |1 i cddl, shere nar be some
X € Canch e X = sE (X[ ) Ba iz confeadicy Froposision 3.5, Jo | st be ever, u]

Copyright © 2005 by Limsoon Wong.

IR

A*STAR

13



e Theorem 3.7

The bijective function sEo[|-|]E partitions the set
of closed patterns of DE into bipartite graphs

More Important Implication

P P2 | P3[4 | Ps
Hp) | 0] 1| 1] 0] 0
tpa) | 20| 1|11
tpa) | 2 | 2|0 1|2
Hpa) | 0 1 | 1|00
tps) | 0| 2| 2|00

suppart of X || closepattern X | Y = % ( |I_\’]]t] support of Y
{p2.pat {p1,pa,ps} 2
{pa} 1P1.P3: P4 Ps ) i
{ps} {p1.p2, 04, ps ) 7 a
Copyright © 2005 by Limsoon Wong. breeeys |2R
Even More Interesting...
* For each pair Xand Y,
— Xis the largest group of
proteins that bind all the
proteins in Y; and
— Y is the largest group of pi]p2[ps[pa[ps
proteins that bind all the flp) | 01 11100
i 2 t{p2) 1 [ 1 1
proteins in X tpa) | 1 | 1|0 1|1
= X,Y is a pair of e
interacting protein N
groups l
support af X || closepattern X | ¥V = sF( |I_\’]]£) support af ¥
3 {p2.pa} {p1.pa,ps} 2
4 {pa} {p1. 12,040,058} 1
4 {pa} {p1.p2.pa.ps} 7
Copyright © 2005 by Limsoon Wong. breeeys |2R
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A Couple More Propositions

* Proposition 3.3
For any pattern X,
SE[|X|]E is closed pattern in DE

Proof: Lot Y = ciosed(s“ X%, Then [ = BEXNENE Thew =) = 5 X ")
T SEF TN = B ESEAXIE T AT Sace ¥ is o vioved persens i DE, by Progosi-
fioa 8.2 aud Lemwsa 3.0, ¥ = FAEFIDNE) = EQEQEAXIENENE) = E(IX)), Fenoe
=B |Ej & alro n closed pattem in DIF,

]
» Corollary 3.7
X'is a closed pattern in DE iff X = sE[|sE[|X|]E|]E
Prooft T fbffows divecti from Freposfffen 2.2 and Fropozition 3.4, i ]
Copyright © 2005 by Limsoon Wong. - |2R

At Last!

Even More Interesting...

« Foreach pair X and Y,

- X is the largest group of

proteins that bind all the
proteins n Y; and

- ' is the larges! group of nimlmlnln
proteines that bind all the i L] ;. .{. .g. .g_
praskmna: S T O

= X.Y is a pair of ) LARAEA LA
interacting protein

aroups

ngppertaf & | closs pusern X |1 = 2 (LX]") [ sppeer af¥
ry-pml porenl i
| 7 Tez] T T

[ 7 ] Lmmepem] | T !
Copprgtt €300 vy Lavasoon Warg PR

* These are ALL the interacting protein groups

= To mine these protein groups, it suffices to
mine closed patterns in DE

2
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An Extension

* Not all interacting protein groups X, Y are
equally interesting
— X and Y are both singleton, vs
— X is a large group, Y is small group, vs
— Xis a large group, Y is a large group

= Set “interestingness” threshold on X, Y st a
pair of interacting protein groups X, Y is
interesting only if |X|] >m and |Y| > n

2
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An Optimization

* Let X, Y be a pair of interacting protein groups
— By Theorem 3.7, X = sE[|Y|]JE and Y = sE [|X|]E
— By Definition of [|+|]E, |X| = times Y occurs in DE
— By Definition of [|+|]E, |Y| = times X occurs in DE

= To mine interesting pairs X, Y of interacting
protein groups in an expt E such that |X| > m
and |Y| > n, it suffices to mine closed patterns
X that appears > n times in DE and |X| > m

2
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Mining Closed
Patterns Efficiently

STAR

Closed Pattern Mining Algorithms

* CLOSET, Peietal. 2000
CARPENTER, Pan et al. 2003
FPclose*, Grahne & zhu 2003
GC-growth, Li et al. 2005

Copyright © 2005 by Limsoon Wong.
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From SE-Tree To Trie To FP-Tree
T, = {Zc,d} SE-tree of possible 0
T,={bcd} “‘ itemsets a%
T;={abcd}

T,={ad} ab% b(fﬁlj Cél
abc‘a/bdl acs bed

<,: right-to-left, —
abcd top-to-bottom — . .
raversal of SE-tree Trie of transactions

o1d [

reohend ﬁ@f (NG

Q0o

F

o

Copyright © 2005 by Limsoon Wong A*STAR
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Input: Dataset T = DP* U D" and support threshold

GC-growth:

Output: The generators and closed patterns of F(ms, D),

Fast as well as and their support levels.
Method:
1: Fill in P[], PP?°[], P™*?[-]. and H[] by making one pass

SI m u Itan eo u S ) through D; set G[{}] := true; initialize R[] to empty.

. . : Let Xy, ..., X,, be the nodes in the set-enumeration
M I n I n g Of tree on the possible itemsets in D, where X; < Xo <3
G & 3: fori= 1...._. n do

en erators 4 S = ZxéH[mmx,-]].x,-;x PIX];

if S[X;] = ms and Vo € X, .S[X,] < S[X,; — {a}] and

CI Osed . Ya £ Xi.G[Xi — {a}] = true then

o

G: GXy] = true;
Patterns T = ﬂmax{X”\ X’EH[East[Xi}].Xi(;X’.X’
is prefix of X", P[X"] < P[X']}:
PIX] = |{dr | T £D. X isaprefix of T}|: : RIC] = RIC] X
S e A e bt 9 SPE[CT = E ve mpaseex o xecx PPN
* PRolX] = dr | T € PP, Xisaprefixof TH - 10: S"CT =3 x chpasecxnxscx PUOXT
o PO(X| = |{dr |T € D"9. X isaprefixof T}: 11 else
12: G[X] := false;
o S[X] = sup(X.D): 1a end[if | 1= false;
o SP9¢[X] = sup(X, DPos); 14: end for
o 579X = sup(X . D" )- 151: for each C surch tha} ;’;3[(’} #1{} Elge
16:  output R[C], C', SP*S[C], and 59 [C]:
* G[X] = true iff X 1s a generator in D; and 17: end for

* Hla| = {X|P[X] s defined, {a} 1s suffix of X}

Copyright © 2005 by Limsoon Wong. RS TR

IR
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Step 1. FP-tree construction

Input: Dataset D = DP? 1 D"®8 and support threshold
ms.

Output: The generators and closed patterns of F(ms, D).
as well as and their support levels.

thmug_h D set G[{}] = tlue mltlahze R[] to empty

X, be the nodes in the set-enumeration
tree on the possible itemsets in D, where X; <; X <y
s <y Xn.

From SE-Tree To Trie To FP-Tree
I

A

poide

o

Cforio 1 ..ndo frequent Gr—tree

3

4 SNy = ZX%H[Lasr(X.;]].X-;QX PIX];

5 if S[Xi] 2 ms and Yo € Xo.S[X] < S[X; — {a}] and
Ya € X;.G[X; — {a}] = true then

6: GX,] = true; —
T C= (max{X” | X' € HllastiXo)]. X¢ X X T
is prefix of X", P[X"] < P[X']} —= T
8: R[C] = R[C) 0 {X:); A
SBOS o8 e -
9: SPRIC) = X xenpasecx o x.cx PPUIXD = o
10: S™C) = xcnpastoenxicx PN [ 3/ x'i 13’ Cal
11:  else - S
12: G[X;] := false; - HdZEE— !
13:  end if -

14: end for

15: for each ' such that R[] # {} do _(I_ -

16:  output R[C], €, P[], and S79[C);

17: end for —

Copyright © 2005 by Limsoon Wong
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Step 2: Right-to-left,
top-to-bottom traversal

Input: Dataset D = DP? 1 D"®8 and support threshold
ms.
Output: The generators and closed patterns of F(ms, D).
as well as and their support levels.
Method:
1: Fillin P[], PP?*[], ng[] amcl H[] by making one pass
through D; se rue alize R[] to empty.

for i=1, e
"1: SXY] = Zx EH [last(X:)] X1 CX PIX];

5. if S[Xi] = ms and Ya € Xi.S5[Xi] < S[X: — {a}] and[te gets

Yo € XE.G’[Xm — {a}] = true then

6: GX,] = true;
T C = Nmax{X" | X' € Hllast(X)], X; € X', X'
is prefix of X", P[X"] < P[X'|};

8: R[C] := R[C]U{ X}

9: ST i=  xempasox ., ox PPUXD: abc
10: S0 = ZX%H[Lus!(X,;)].Xé';X PreLX];

11:  else
12: G[X;] := false; becd
13:  end if
14: end for

15: for each ' such that R[] # {} do
16:  output R[C], €, P[], and S79[C);
17: end for

Copyright © 2005 by Limsoon Wong

From SE-Tree To Trie To FP-Tree

SE-trec
ilemsets

of possible

Ptree head table

< right-to-left,
top-to-bettom
traversal of SE-tree

IR

A*STAR
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Step 5: Confirm X; is generator

Input: Dataset D = DP? 1 D" and support threshold Propos'tlon 4_1
ms. ) ) )
Output: The generators and closed patterns of F(ms, D) Generators enJ Oy the apn orl

as well as and their support levels.

Method: property. That is every subset

1: Fillin P[], PP?*[], P"*?[], and H[] by making one pass

through D; set G[{}] := true; initialize R[] to empty. Of a generator |S al SO a generator

2: Let Xy, ..., X, be the nodes in the set-enumeration
tree on the possible itemsets in D, where X <1 Xo <3
<y Xﬂ.
3 fori=1, ., ndo i . _
4 S e .cx PIXE rPROOF. Suppose P_zs a generator in D. Suppose () C P
< iE S[X] = ms and Yo € X1.8[X] < S[X; — {a}] and Ve want to show () is also a generator. Suppose there is

/R C Q in [(J]p. So there is an S such that R =) — S,
end S C Q). Let T'=P — 5. Let D be o transaction having

Ya € Xi.G[X; — {a}] = true then

7. € = (\max{X" | X' € H[last(X,)]. X, C X', X’ T. We have R C T, as Q) ';._P and thus ) — 5 C P — 5.

is prefix of X", P[XN] < P[X']}. Then [0 has R as well, as R CT. Then Difms Q) as well,
8- R[C] == R[C] U {X,}; as B £ [QJ]p. Then D has S also, as S C ). Then D
9 SP[C] = Ty prpmetcx g x,cx PP has P. This means every transactions having T' olso has
10: SO0 = ZX”H! X’ Axe‘:’x Prea|x); P. We already know every transactions having P also has
L el H{last(X)].X;C T. So, P and T are in the same equiv class. Since P is a
12 G[X] = false; generator, and T = P — 5, i must be the case that § = {}.
13:  end if ’ Since B = @ — S, we conclude R = §. Hence @ is a key
14: end for pattern. [
15: for each €' such that R[C] # {} do
16:  output R[C], ', §P?[C], and S™*9[CT;
17: end for

2R

Copyright © 2005 by Limsoon Wong A*STAR

Step 7: Find closed pattern of X;

Input: Dataset D = DP? U D"**? and support threshold

Proposition 4.2:

Output: The generators and closed patterns of F(ms, D),

as well as and their support levels. Let X be a generator Then the

Method:

1: Fillin P[], PP?*[], P"*?[], and H[-] by making one pass Cl o%d pattern Of X |S mmax{ X’ ’ |

through D; set G[{}] := true; initialize R[] to empty.

2: Let Xy, ..., Xn be the nodes in the set-enumeration y y y .
tree on the possible itemsets in D, where X1 <3 Xo <1 X (S H [l aSt(X)] ,xg X 5 X prefl X
ey X 1 ’ 19

3 fori=1, .., ndo Of X ’ P[X ] ZP[X ]}

4 SXY = Ex:_H[zamx,)],x,;x P[X]:

5. if S[Xi] > ms and Yo € X;.5[X4] < S[X; — {a}] and

Ya € Xi.G[X; — {a}] = true then

= true;
C Nmax{X" | X" € Hllast(X;)], X; C X', X’
PIX’

PROOF. Let X be a generator. Let O be the unique closed
pattern of the eqwivalence class of A. Then U s in every

=

is prefix of X", P[X"] < P[X']}; ansaction T' that contains X. Let X' € H[last(X)] such
8 R =R[C X} that X C X'. Then C is in every transaction T that contains
9: SPEC] = ZXEH[[GSE(X”].X,‘;X PresIX]; X'. By construction, 5 = max{X" | X' is prefix of X",
10: srelc) = Zx:_H[zamx,)],x,f:x PreIXT; P[X"] < P[X']} are precisely those transactions having X'
11:  else - as a prefiz. In other words, S = f(X', D) = f(X, D). Since
12: GXy] == false; ' is a closed pattern of [X|p, it is the largest itemset that
13:  endif is common to all transactions in 8. Then O =[5. O
14: end for

15: for each € such that R[C] # {} do
16:  output R[C], €, $P°[C], and S™[C];
17: end for

IR

Copyright © 2005 by Limsoon Wong A*STAR

20



Input: Dataset D = D¥¥ D", and support threshold
mas.
Output: The generators and closed patterns of F(ms, D).
as well as and their support levels.
Method:
1: Fillin P[], PP?*[], P"*?[], and H[] by making one pass
through D; set G[{}] := true; initialize R[] to empty.
2: Let Xy, ..., X5, be the nodes in the set-enumeration
tree on the possible itemsets in D, where Xy <3 X2 <3
.
3 fori=1 .,ndo
4 S = Excppaseceox.cx TG
5 if S[Xy] > ms and Yo € Xy.5[Xy] < S[X: — {a}] and
Ya € X;.G[X; — {a}] = true then

6: G[Xy] == true;

T C = max{X" | X" € Hllast(X,)], X: C X', X'
is prefix of X, P[X"] < P[X']}:

8: R[C] := R[C]U{X};

% SEeRC] = ZX{H[{GSL(XLJ]AXE';X PPEIXT;

10: SMC) = ZX;H[!ast[X.,)].XE‘;X PrX]

11:  else

12: G[Xy] = false;

13:  end if

14: end for

15: for each C' such that R[C] # {} do
16:  output R[C], €, §P**[C], and S™?[C];
17: end for

Copyright © 2005 by Limsoon Wong

Correctness of
GC-growth

e Theorem 4.3:

GC-growth is sound
and complete for
mining generators
and closed patterns

Performance of .

GC-growth I
4 o . Ed ) P
» GC-growth is mining T S
both generators and B B -
closed patterns ) P

* But is comparable in

speed to the fastest N
algorithms that mined oS
only closed patterns N

« Also, speed of f hg'g _
algorithms increases ‘8
significantly as support ]

threshold increases
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SO - From SE-Tree To Trie To FP-Tree

- &
= SE-tree of possible e
T, = {a,c.d} = ¥
. T,l-‘{b.c.d} Il- ilemsets s Y
Put transaction Helow) ) : |
L = {ay 4 _l' v
id'sat leavesof —| 8™ a¢”ad e b ©
trie so that abc abd acd bed
e get : Trie of transactions
SEo[[[]E fast
a ' _a_b=g7\d
: . -" o o E- "d !
d oy 44 >, = & 2
lL 'd o ..
FP-trge head table 1-- oy a
0 101 by L W 2 el 'R

* We have an efficient algorithm for mining
interesting interacting protein groups

IR
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EX am p | € Breitkreutz et al, Genome Biology, 4, R23, 2003

X and s[|X | € both occur with freq
at |east that of support threshold

roppur] Hnewbold | % of hegoent dose palterns | & of gualified cdose paticas | e i e,
1 121214 121314 3.839
2 117593 114354 2.734
3 125854 93920 2,187
+ 24751 80305 1.763
5 §1708 G035 1.312
5] G429 20478 DT
o 506 15800 0623
] I3 L] [
g 23147 406 0281
19 17426 X 2171
11 12492 2 0.10%
12 #1z8 Q D078

As there are many physical protein interaction networks corresponding to different species, here we take the simplest and
most comprehensive yeast physical and genetic interaction network (Breitkreutz et al.. 2003) as an example. This graph
consists of 4904 vertices and 17440 edges (after removing 185 self loops and 1413 redundant edges from the onginal
19038 interactions). Therefore, the adjacency matrix is a transactional database with 4904 items and 4904 transactions. On
average, the number of items in a transaction 1s 3.56. That is, the average size of the neighborhood of a protein is 3.56.

IR
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Generating Motif Pairs

STAR

Many Motif Discovery Methods

* MEME, Bailey & Elkan 1995
CONSENSUS, Hertz & Stormo 1995
PROTOMAT, Henikoff & Henikoff 1991
CLUSTAL, Higgins & Sharp 1988

For illustration, we use PROTOMAT here

Copyright © 2005 by Limsoon Wong. A*STAR




PROTOMAT

» Core of Block Maker, a WWW server that
return blocks (ungapped multiple alignments)
for any submitted set of protein sequences

e Comprises 2 steps:

— MOTIF, Smith et al. 1990
* Look for spaced triplets that occur in given set of proteins
— MOTOMAT, Henikoff & Henikoff 1991
» Merge overlapping candidate blocks produced by MOTIF
» Extend blocks in both directions until similarity falls off

» Determine best set of blocks that are in the same order and
do not overlap

we treat every block, instead of whole set of blocks generated by PROTOMAT, as a binding mﬂ
2R

Copyright © 2005 by Limsoon Wong. A*STAR

EX am p | e, Breitkreutz et al, Genome Biology, 4, R23, 2003

» Comprises 19038 genetic and physical
interactions in yeast among 4907 proteins

* Look for interesting pairs withm=n=5
» About 1s to generate 60k closed patterns

= Too many for PROTOMAT. So consider only
maximal closed patterns, giving 7847 pairs

* PROTOMAT produces 17256 left blocks and
19350 right blocks after 6 hours

* Most groups yield 1 to 3 blocks
» Ave length of blocks = 11.696, std dev = 5.42
R

Copyright © 2005 by Limsoon Wong. A*STAR
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Results & Validation

A*STAR

Databases Used for Validation

BLOCKS, Ppietrokovski et al. 1996
PRINTS, Attwood & Beck 1994
Pfam, Sonnhammer et al. 1997
InterDom, Ng et al. 2003

BLOCKS | PRINTS | Pfam | InterDom
Version 14.0 37.0 16.0 1.1
Num. of groups / families 4944 1850 7677 3535
Num. of entries 24294 11170 7677 30037

Copyright © 2005 by Limsoon Wong.
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Validation for Single Motifs

» Compare all single motifs in our discovered
motif pairs with all domains of specific domain
databases

— LAMA, Pietrokovski 1996
— transform blocks into position-specific scoring matrices (PSSM)

— run Smith-Waterman to align pairs of PSSM using Pearson
correlation coefficient to measure similarity betw 2 columns

— ablock is mapped to another block if 95% of positions in a block
occuring in the optimal alignment is common to another block and Z-

score is > 5.6, where Z-score is the number std dev away from the mean generated by millions of
shuffles of the BLOCKS database

» Determine number of motifs that can be
mapped to these domains and the overall
correlation in the portions that are mapped

Copyright © 2005 by Limsoon Wong. A*STAR

Results for Single Motifs

Mapped / total Mapped / total Mapped / total
num. in BLOCKS | num. in PRINTS | num. in BOTH
Unique blocks 8401 /24294 2872/ 11170 11273/ 35464
Unique groups 3568 /4944 1325/ 1850 4893/ 6794

* Our blocks map to 32% of blocks in BLOCKS
and PRINTS, yet motifs from our blocks cover
72% of domains in BLOCKS and PRINTS

— Maybe most domains in BLOCKS and
PRINTS have less than half a block as binding
motifs, or may not be related to binding
behaviour

2
Copyright © 2005 by Limsoon Wong. breeeys I R
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Validation for Motif Pairs

* Map our motif pairs into domain-domain
interacting pairs

» Determine the number of overlaps between our
motif pairs and those in the domain-domain
interaction database

* Use InterDom as the domain-domain .,

interaction database ;;%‘g‘;“ons
BLOCKS | PRINTS | Pfam | InterDom 3535 domains
Version 14.0 370 16.0 1.1
Num. of groups / families 4944 1850 7677 3535 %
Num. of entries 24294 11170 7677 30037
Copyright © 2005 by Limsoon Wong. a |2 R

Linking Our Motif Pairs to InterDom

* InterDom represents domains by Pfam entries

= To x-link, we have to
— Map our motifs to blocks in BLOCKS and PRINTS
— Link from BLOCKS and PRINTS to InterPro
— Link from InterPro to Pfam
— Match Pfam to InterDom

Copyright © 2005 by Limsoon Wong. A*STAR
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Results for Motif Pairs

Domain-domain interactions
inferred from protein complexes
or from interactions between
single domain proteins

BLOCKS | PRINTS | Combined [*Confident | Complex
overlaps overlaps overlaps overlaps | confirmed
Domain pairs L 862 26 1163 | 396 241
Both sides Both sides One side mapped to PRINTS,
mapped to BLOCKS mapped to PRINTS one side mapped to BLOCKS
Copyright © 2005 by Limsoon Wong. 4 |2 R

Example Confirmed Binding Motif

» 1 of the 241 binding motifs we found that can
be confirmed using protein complexes is
#1781...

ID none; BLOCK ID nome; BLOCK
AC 178 Lxox; distance from previous block=(26,378) AC 1781xxigh; distance fom previous block=(2,316)
DE none BL GNL motif=[5,0,17] metomat=[1,80,-10] width=14 seqs=6 DE none BL LDN motif=[4.0,17] motomat=[1,80 -10] width=9 seqs=4
YBLOZEW (27 ) GTLQSVDQF LNLEL YDR378C (75 ) LESIDGFMN
YTCROTTIC  (379) GNS55 QDNEQANTVL YGLIT3C  (317) LLHIDGYI N
YERIIZW (27 ) GILTNVDNWMNLTL YIL124C (68 ) LETFDQYAN
YERI46W (32 ) GTLVGFDDF VNVI L YIRO22W (46 ) LNGFDENT N
TNLI4TW (42 ) GVLEGYDQL MNLVL
TOLI49W  (129) GETLSGEDI YNYGL pdblmgg B (40 ) LkSFD] hMN

zdblmzg 4 (38 ) GVLKSFDI & MNLVL

As shown in the next slide, this pair corresponds to interaction
sites between LSM domains. E.qg., all 7 pairs of adjac
L SM domains of pdblmgqg exhibitsit.
I2R
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Example: ﬁﬁgf
LSM Domains _% ,é
of pdb1lmgqg Jlna\i

Fig. 2. The structure of the consples pdblage comvshug of 7 LEM donssms

18 . conesponding to chain A, Chain B, ..., to chain G

- \
b A=t /
L38
Fig. 3. Interactions between segment [38G, 51L] of LSM A and segment
[40L.48N] of LSM B in the complex pdblmeq (showing only the backbone). a
Copyright © 2005 by Limsoon Wong. AR STAR |2 R

» Connection between maximal complete
bipartite subgraphs and closed patterns

= Closed pattern mining algorithms can be used
to enumerate maximal complete bipartite
subgraphs efficiently

» Connection between pairs of interacting protein
groups and closed patterns

= Discovery of binding motifs is accelerated
because we need not execute expensive motif
discovery algorithms on insignificant groups

Copyright © 2005 by Limsoon Wong. A*STAR
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