Discovering Motif Pairs at Interaction
Sites from Protein Sequences on a
Proteome-Wide Scale




Plan

 Problem statement:
— Discover binding motif pairs

 Transform to a graph problem:
— Enumerate max complete bipartite subgraphs

 Transform to a data mining problem:
— Mine closed patterns

e Generate motifs from blocks

 Verify using known data
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Problem Statement:
Discover Binding Motif Pairs
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Secondary

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

Protein interactions play
Impt role in inter cellular
communication, in signal
transduction, & in the
regulation of gene
expression

Addilienal Folding
mainfaned by

Local folding
mainlained by
short distance

Quaternary

Siructure mainlained by

infarchain interactions

Courtesy of JE Wampler
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Binding Sites

 Discovery of binding sites
IS a key part of
understanding
mechanisms of protein
Interactions

Computational Methods

Sequence based

Domain
Domain

Motif
Discovery

Structure

e Structure-based

based Interactions
approaches (Docking)
— E.g., docking
— Relatively accurate Cork
based

— Struct must be known

— Sequence-based
approaches
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Typical Sequence-Based Approac

 Typical seg-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

 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?
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Protein Interaction Graphs
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Bipartite Subgraphs

SH3 Proteins SH3-Binding
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The larger this group,
the more likely their
active sites will show
up clearly in a multiple
alignment?
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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) X and Y have full mutual interactions
(1.2) Xand Y are as large as possible

&

(2) To identify “good” binding motif pairs from
these pairs of interacting protein groups
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Transform to a Graph Problem:
Enumerate Max Complete Bipartite
Subgraphs
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PPI1 Expt As a Graph R

« PPl expt E as undirected graph GE = (VE, DE),

—where VE are the proteins and DF the
edges,

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

* Let BE(p) denote neighborhood of protein p in GE

- Let BE(P) = (] ,.» BE(p) denote the common
neighborhood of all proteins in P in GE
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e |Proposition 2.1

Let E be a PPI expt.

Let X,Y be a pair of protein groups so that
X = BE(Y) and Y = BE(X).

Let X',Y’ be another pair of protein groups so that
X =BE(Y"), Y =BE(X), Xc X, &Y' V.

Then X=X"and Y =Y".

= In other words, if X = BE(Y) and Y = BE(X), then X,Y
IS a maximal pair of protein groups that have full
Interactions
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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) X and have full mutual interactions
(1.2) X and Y are as large as possible

&

(2) To identify “good” binding motif pairs from
these pairs of interacting protein groups

Copyright 2006 © Limsoon Wong

Maximality

- Proposition 2.1
Let E be a PPI expt.
Let X,Y be a pair of protein groups so that
X =pE(Y) and Y = BE(X).
Let X',Y’ be another pair of protein groups so that
X =BE(Y’), Y’ =BE(X), Xc X, &Y Y.
ThenX=X"and Y=Y".

= In other words, if X = BE(Y) and Y = BE(X), then X,Y
is a maximal pair of protein groups that have full
interactions
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Recasting to
Graph Theory

e X,Yis apair of

Interacting protein
groups in PPl expt
E iff X = BE(Y) and
Y = BE(X)
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A graph H=(V,uV,, D")is a maximal complete
bipartite subgraph of G iff

— H Is a subgraph of G,

-V, xV, =DH,

-V,nV,={}, &

—There isno H' = (V' ;U V', D) with V, c V',
& V, c V', that has the same properties
above
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Max Complete Bipartite Subgraph

* Agraph H=¢(V,uV,, D) is a maximal
complete bipartite subgraph of G iff
—H is a subgraph of G,
V, x V, =DH,
VinV,={} &
~ThereisnoH =(V,uV',, DF)ywith V, c V',
& V, c V', that has the same properties
above

05 by Limsoon Weng, ﬂ l ER
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Connection to
Graph Theory

« X,Yis apair of
Interacting protein

Let H= (X VY, Df| ;) be
subgraph of GE with X,Y a pair
of interacting protein groups

X = LE(Y) and Y = LE(X)

Full interactions betw X & Y
XxY =DF| v

By excluding self-binding, we
have XNY ={}

By Prop 2.1, we have H is max

groups in PPl expt
Eiff H=(XUY, Xx
Y ) Is max complete
bipartite subgraph
of GE

Copyright 2006 © Limsoon Wong



We are talking about subgraphs, not NUS

vertex-induced subgraph ....

M v i ¥V i v

oy R Y N 'S
y
L L
" T W X W L
A B C

- Bisasubgraph of A, butit * CIsasubgraph ofA,and

is not a vertex-induced it is a vertex-induced
subgraph subgraph
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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(a32%2n), where “a” is the aboricity of the graph
and “n” the number of vertices

e This is inefficient because “a” i1s often around 10-
20 in practice
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Transform to a Data Mining Problem:
Mine Closed Patterns
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* In PPl expt E, we obtain for each protein p, a list
BE(p) of proteins that bind p

— asSsume p¢ BE(p), as such expts are not intended to detect self-binding
— assume CIEBE(p) Implles Pe BE(CI), as binding is symmetric

* BE(p) can be thought of as a transaction & p as
the “id” of this transaction

= E can be thought of as generating a db of
transactions DE = {BE(p,), ..., BE(p\)}, where p4, ...,
p, are all the proteins involved in E

— a set of proteins X can be thought of as a pattern
In DE if there is p € DE st X < BE(p)
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~— ~ _/We use the protein v to be id(B(v))

v3 v id(T) T items
LEh | LEP. 3 4 L5
A graph G vi By ol 1 |o]o
l wa g [t o111
vy 3{vg) 1 1 0 1 1
vy | ve | va | vg | we vy Blua) 0 1 1 0 0
wff ot ]1r]ofo0 Us Bus)y O 1 1|00
g i 0 1 | 1 transformation to DBg
Vg 1 1 0 1 1
V4 0 1 1 0 0
v 0 1 1 0 0

its adjacency matrixc
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Occurrence Set
 The occurrence set of a pattern P in database D Is

defined as
occP(P)={id(T) | TeD,PcT}
={id(T) | T € f°(P)}

e |Proposition
occ® (P)= A% (P)
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Closed Patterns

e |Let
— | be a set of items and D a transaction db on |
- fP(P)={T eD|PcT}
—~gD)= [l;_5T=[ID,forD’'c D
Then CLP(P) = g(fP(P)) is the closure of P,
and P is called a closed pattern iff P = CLP(P)

| Proposition

CLPis aclosure operation. That is, CLP is
monotonic, idempotent, and inflationary

| Proposition
CL” (P) =" (B"(P))




Proof of CL(P) = B(B(P))
* B(B(P))

= B(OCC(P)), since B(P) = occ(P)
M

= I'1id(T) eocc(P) B(id(T)), defn of B()
— (W

d(T) cocc(P) T, defn of id(.) and B()

M
=1t <f(P) T, since occ(P) = {id(T) | T e fo(P)}

— g(f(P)), defn of g(.)
= CL(P), demofcL()
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Let C,, C, be closed patternsinDE |7
Then C, =C, iff occ(C,;) = occ(C,)

e | Proposition
If Cis closed pattern in DE, then C [] occ(C) ={}

| Proposition
Let C be a closed pattern in D
Then occ(C) is a closed pattern in DE

| Corollary
The number of closed patterns in DE is even
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Proofs

Proposition 7 Let G be a graph. Let C and Cy be two closed patterns of DB, Then C7 = Cy

iff occPBe (C) = occPBe (Cy).

Proof: The left-to-right direction s trivial. To prove the right-to-left direction, let us suppose
that occ(C) = occ(Cy). [t is straightforward to see that id(T') € oce(P) iff T € f(FP). Then
we get f(C7) = f(Cy) from oce(Ch) = oce(Cy). Since Cy and Cy are closed patterns of DBg, it
follows that C1 = g(f(C1)) = gl f(Cq)) = Ca, and finishes the proof. O

Lemma 1 Let & be a graph Let € be a closed pattern of DBg. Then
fPBe (oceBe(C)) = {B%(e) | c €O}

Proposition 9 Let G be a graph and C a closed pattern of DBg. Then occP86(C) is also a

closed pattern of DBg.

Proof: By Lemma 1, f{oce(C)) = {3(c) | c € C}. SoCL{occ(C)) = g(floce(C))) = N flocc(C)) =
Neec Ble) = B(C). By Proposition 5, 3(C') = occ(C'). Thus oce(C') is a closed pattern. O

Copyright 2006 © Limsoon Wong
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Example

Up (V2 | V3 | V4| Vs

g1y 1|101]0

g1y 1101]0
aril1(010

sup( X I] closed pattern X | Y = oce(X) || sup(Y')

3 {'E.’g. 'E'g} {":']_. ty, 'n!.fg_i} 2
ﬁ‘: {'E'g} {'E'l , Ug, T4, ?.55} 1
,‘: {'E'g} {'-'2'1 , Ua, T4, ?.’5} 1
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| Theorem
Let GE be PPI graph, and C closed pattern of DE.

Then H =(C |J occ(C), C x occ(C)) is a max
complete bipartite subgraph of GE

e | Theorem

Let H=¢(V, U V,, E’) be max complete bipartite
subgraph of GE. Then V,, V, are closed pattern of
DE, occ(V,) = V,, and occ(V,) =V,

= An isomorphism exists betw max complete
bipartite subgraphs of GE & closed patterns of DE

Copyright 2006 © Limsoon Wong
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Proofs NUS
Theorem 1 Let G be an undirected graph without self-loop. Let C be a closed pattern of DBEE;H
Then the graph
H = {C Uocc™e(C), C % occ™Pe(C))
is a marimal complete hipartite subgraph of GG,
Proof: By assumption, C is non-empty and C' has a non-zero support in DBg. Therefore, oce(C)
is non-empty. By Proposition 8, C M oce?P6(C) = {}. Furthermore, for every v € oce(C'), v is
adjacent in G to every verter of C. So, C' X oce(C) C EC, and every edge of H connects a verter
of C' and a vertex of occ(C'). Thus, H is a complete bipartite subgraph of . By Proposition 5,
we have ocePP6(C) = 39(C). By Proposition 6, C = 3%(3°(C)). By Propesition 5, we derive

C' = 3% 0ccPPe(C)). So H is marimal. This finishes the proof. O

Theorem 2 Let G be an undirected graph without self-loop. Let graph H = (Vi UV5, E) be a
mazimal complete bipartite subgraph of G. Then, Vi and Vo are both a closed pattern of DBg,

”f-"-'-'DBG(]V:l )=V, and mrrfrDBG(Lf?:] = V.

Proof: Since H is a mazrimal complete bipartite subgraph of G, then 3{Vy) = V5 and F(V3) = V7.
By Proposition 6, CL(Vy) = 8(7(V1)) = 8(Va) = V1. So, Vi is a closed pattern. Similarly, we

T ] F; r

can get Vy is a closed pattern. By Proposition 5, oce(V1) = 3(V1) = V5 and oce(Vy) = 5(V2) = V7,

15 Tequired.
as required O



. .. . B &
Thus, can mine protein interaction NUS

groups by mining close patterns

vy | ve | va | va | vy
a1 1|1110|0
10| 1]11]1
111011
a1 1111010
a1 1|1110|0
sup( X) I] closed pattern X | Y = oce(X) | sup(Y)
3 {vg, vg} {v,vq, 08} 2
4 {vo} {vq,vg, vy, U5} 1
4 {v3} {vy, v, v, 05 } 1
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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
— X Is a large group, Y is a large group

= Set “Iinterestingness” threshold on X, Y st a pair
of interacting protein groups X, Y is interesting
only if |[X|>p and |Y|>(q

Copyright 2006 © Limsoon Wong



An Optimization

A max complete bipartite subgraph H =(V, U V,,
E’)is (p,q)-large if |[V,| or |V,]| Is at least p, and the
other is at least g

 [Theorem
Let GE be PPI graph, and C closed pattern of DE.

Then H =(C |J occ(C), C x occ(C))is (p,q)-large iff
C occurs at least p times in DE and |C| > ¢

— To mine interesting pairs X, Y of interacting
protein group in expt E st [X|>p and |Y| >q, it
suffices to mine closed patterns X that appears >
g times in DE and |X| > p

Copyright 2006 © Limsoon Wong
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Proofs

Corollary 3 Let G be a graph. Then H = (C U occPBe(C), O x Gﬁ':ﬂ':DEGI:C']I:J is a (p,q)-large
mazimal complete bipartite subgraph of G off C' is a closed pattern such that C' occurs at least p

DBGI:

times in DBg and oce ') occur at least q times in DBg.

Theorem 5 Let G be a graph. Then H = (C U oce™e(C),C x ocePBe(C)) is a (p, q)-large
mazximal complete bipartite subgraph of G iff C is a closed pattern such that C' occurs at least p

times in DBg and |C

> q.

Proof: Suppose H = {C' U occ?Be(C), C x 0cc?Be(C)) is a (p, q)-large mazimal complete bipar-
tite subgraph of G. By Theorem 2, U = occloce(C)). By definition of oce(-), suploce(C)) =
loce(oce(C))| = |C

. Substitute this into Corollary 5, we get H is a (p, q)-large mazrimal complete
bipartite subgraph of G iff C is a closed patiern such that C' occurs at least p times in DBg and

|C| = q as desired. O
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Closed Patterns

Table 1: A transaction database T

e Let [X]D — {Y | fD(Y) — fD(X)} Transaction-1d [tems
denote the equivalence L 1.0
. 2 LC e
class of the pattern Xin D T ab.ce ]
_ T b, e
« Then max [X]P = {CLP(X)} T: Thos
= A closed pattern is the .

most specific pattern in its /?“\

. -.f’.’;/ gy ;)\ LI
equivalence class vady ibid e Jedt

llﬁ%ﬁéﬁf : .:{‘\
J,_I ™ - -

. .- ab:i2 vmcid, ,ne:i:i be:4, « be:3 u:e:i:
= T0 mine patterns, It s N N A
sufficient & more efficient N N
to mine just the closed R Ay

e ot
N

patterns

~. abce2 «
-

- - -
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Closed Pattern Mining Algorithm @

e CLOSET, Pel et al. 2000

« CARPENTER, Pan et al. 2003
e FPclose*, Grahne & Zhu 2003
e LCM, Uno et al., 2004

« GC-growth, Li et al. 2005

= We have efficient algo for mining closed patterns

« But these algo have size constraint only on one
side---occ(C), and do not pair up closed patterns
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Pruning Small Max Complete 9y !}'PS

Bipartite Subgraphs

« Search space of typical « To find closed pattern Y st
closed pattern mining algo Y| =g & sup(Y)=>p

T, e Itemset Y in sub search
space of X is subset of X |J

43 tail(X)

e = Skip if X U tail(X)] < g

e |temset Y in sub search

1’13’415- An order is assumed on items spa_ce of X st |Y| 20 & Sup(Y)
Only items after last item in X can 2 p Is subset of X L {X =
appear in sub search space of X tail(X) | sup(X U {x}) = p}
E.Q.,

= SKkip if there is less than p —
|X| items x e tail(X) st sup(X
U ) =p

— 4isintail1, 3}
— 2isnotin tail{1,3}
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Pruning Duplicate Max CompletNPS

Bipartite Subgraphs

e Max complete bipartite Do not extend if size of closed
subgraphs are generated pattern exceeds its support
twice if we output all — Max complete bipartite
closed patterns subgraphs w/ vertex sets of diff

sizes enumerated only once

e Set sup threshold to

max(p, q) « Do not output closed pattern if
= Maximize pruning power smaller than its occurrence set

= Max complete bipartite
subgraphs w/ vertex sets of
same size enumerated only
once
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MICA: a previous consensus-based max complete bipartite mining algo B & N US
LCM: state-of-art closed pattern mining algo Eﬂ:e Ctlve n eSS Hﬁ
LCM-BP: our modified LCM ingapore
Crata set: yeast-p2p Data set: o-fatsi00-1
1:":": T T T T 1:":":'] T T T T T ]
RICA + MICA —— 1
LM O 1ooo | LCM ]
100 F LCM-BF ] LCM-BP
+ + + + + + . . . . . b
ioo0 | : ; : ' TS
— _:|: | | = ]
b g 10 } ]
E : R ]
= 1TF g g - g
= - 0.1 O e
atr O E o
= . oot b :
0.01 - - - : : 0.001 - : : - :
i 2 4 i g 10 12 0 2 4 i S 10 12
Minimum Suppori{3e) Minimum Support(%)
(a) veast-p2p (b} e-fatd00-1
Diata set o-fat200-2 Data st johnson8-4-4
1:":'E T T T T T L) 1:":"::] T T T T .I T
LCM O LCM O
O LCM-BP LCH-BP
100 | O .
(]
— B . 1000 | o 3
& 0 1 5 m| ]
o = & o
F 3 K iy D
100 | O E
0.1 ¢ 3
E.DI 1 1 1 1 1 1 1 1u 1 1 1 1 1 1
10 11 12 13 14 15 16 17 15 11 12 13 14 15 16 17 ia
Minimum Suppori{3) Mimimum Support(%)

le) c-fat200-2 (f) johnsonB-4-

UJYVY 9
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Experiment

e So let’s use LCM-BP to mine interesting protein
Interaction groups ...

 Consider the yeast PPI graph from Breitkreutz et
al, Genome Biology, 4, R23, 2003

— 4904 vertices

— 17440 edges (after removing 185 self-loops, 1413
redundant edges)

— Ave number of interactions per protein = 3.56
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Resulting Max Complete

Bipartite Subgraphs

support

threshold (ms)

# of frequent

closed patterns

# of qualified

closed patterns

time in sec.

1

2
3
3|

o

10

11
12

=

121314
117895
105854
94781
31708
66429
50506
36223
25147
17426
12402
91358

121314
114554
95920
80306
60035
36478
15800
3716
406
34
2

(0

(.59
0.50
0.44
0.40
0.36
0.32
0.25
0.21
0.11
0.07
0.06
0.05

BE &

%

NUS

Mational University
of Singapore
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Generate Motifs From Blocks ,
Verify Binding Motif Pairs
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Many Motif Discovery Methods ('E

e MEME, Bailey & Elkan 1995

e CONSENSUS, Hertz & Stormo 1995

e PROTOMAT, Henikoff & Henikoff 1991
e CLUSTAL, Higgins & Sharp 1988

e For illustration, we use PROTOMAT here

Copyright 2006 © Limsoon Wong
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PROTOMAT

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

« Comprises 2 steps:

— MOTIF, Smith et al. 1990
 Look for spaced triplets in given set of proteins

— MOTOMAT, Henikoff & Henikoff 1991

« Merge overlapping blocks produced by MOTIF
 Extend blocks in both directions until similarity falls

e 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 motif

Copyright 2006 © Limsoon Wong
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Example Breitkreutz et al, Genome Biology, 4, R23, 2003

« Comprises 17440 genetic and physical
Interactions in yeast among 4904 proteins

 Look for interesting pairs withp=q=5
e« <l1sto 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 1to 3 blocks
 Ave length of blocks =11.696, std dev =5.45
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Databases Used for Validation & =

e BLOCKS, Pietrokovski et al. 1996
 PRINTS, Attwood & Beck 1994

e Pfam, Sonnhammer et al. 1997

e [nterDom, Ng et al. 2003

BLOCKS | PRINTS | Ptam | 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 2006 © 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 db

— 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

— a block 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 2006 © Limsoon Wong



Results for Single Motifs

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

e 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

Copyright 2006 © Limsoon Wong
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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

e Use InterDom as the domain-domain interaction

30037
database interactions
among
BLOCKS | PRINTS | Pfam | InterDom 3535 domains
Version 14.0 37.0 16.0 1.1
Num. of groups / families 4944 1850 7677 3535 *
Num. of entries 24294 11170 7677 30037
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Linking Our Motif Pairs to InterDo

e 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 2006 © Limsoon Wong
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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 2006 © Limsoon Wong
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Example Confirmed Binding I\/Ioti‘“'"ﬂm

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

ID none; BLOCK ID none; BLOCE
AC 178 lxoxm; distance from previous block=({26,378) AC 178lxnigh; distance from previous block=(2,314)
DE none BL GNL meotif=[5017] metomat=[1,80_-10] width=14 seqz=5 DE none BL LDM motif=[4.0,17] motomat=[1,80,-10] width="9 segz=4
YBLOZEW (27T 1 GTLOSVDQFLWLEL YTDEITEC (75 ) LESIDGFMN
WCROTTC (370 GHNSS QDNEQANTVL YELITIC (317 LLHTDGYI N
YTERIIZW (27T )1 GILTHNVDHNWMNLTL TIL124C (68 ) LETFDQYA N
YERI46W (32 ) GTLVGFDDF VHNVI L YIEO22W (486 ) LENGFDENT &
THWLIATW (421 GVLEGYDQL MNLVL
YTOLI49W (129 GETLSGEDI YNYGL pdblmza B (40 3 LESFD] hkXN

zdblmzg A (38 ) GVLESFDI h MNLVL

As shown In the next slide, this pair corresponds to interaction
sites between LSM domains. E.qg., all 7 pairs of adjacent
LSM domains of pdblmgq exhibits it.
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Example:
LSM Domains
of pdb1lmgqg

Fig. 2. The structure of the complex pdblmgq consisting of 7 LSM domains
1 . comesponding to chain A, Chain B, ... tochain G

Fig. 3. Interactions between segment [38G, 51L] of LSM A and segment
[40L. 48] of LSM B 1n the complex pdblmgq (showing only the backbone).
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Sequence identity within a group
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Conclusions

« 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
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